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X-RAY SPECTROCHEMICAL ANALYSIS: AN APPLICATION 
TO CERTAIN LIGHT ELEMENTS IN CLAY MINERALS 
AND VOLCANIC GLASS 


Martin W. Motroy* anp Paut F. KErr, Columbia University, 
New York, New York. 


ABSTRACT 


Recent developments in instrumentation have extended the range of x-ray spectro- 
chemical analysis («-ray fluorescence) to the lighter elements in the range of atomic number 
12 to 22. This includes the significant rock-forming elements aluminum, silicon, potassium 
and calcium, in addition to phosphorus, sulfur, and titanium. Improved procedure provides 
a rapid, non-destructive, quantitative, semiquantitative, and qualitative analytical method 
useful in the examination of aluminosilicate minerals and mineraloids. It is also capable of 
wider application. 

The analytical method has been applied to volcanic and related materials from the 
Marysvale, Utah, uranium area. The x-ray instrument has been calibrated through the use 
of artificial mixtures of chemical compounds containing the constituent elements. Pre- 
viously analyzed reference clay minerals of the American Petroleum Institute Research 
Project 49 have served to establish the calibration. X-ray analytical data have been ob- 
tained for a selection of specimens from the Mt. Belknap Series which forms part of the 
Late Tertiary volcanic cover of the Marysvale region. The materials examined include 
rhyolitic obsidian, volcanic ash, granular igneous rocks and argillitic alteration specimens. 
X-ray spectrochemical analyses of the Mt. Belknap Series show a limited compositional 
range. This indicates that the tuffs, glasses and rhyolites of this series are derived from a 
uniform magma. 


INTRODUCTION 


The objective of this study has been twofold: (1) to explore what ap- 
pears to be a rapid «x-ray method for the approximate analysis of the 
important rock- and ore-forming elements, and (2) to apply a consider- 
able group of approximate analyses obtained by the «-ray method to the 
interpretation of a mineralogic-geologic field problem. 

The investigation has concentrated on the extent to which x-ray spec- 
trochemical analysis may be utilized for rapid analysis of minerals 
which contain elements with atomic numbers greater than magnesium 
(Z=12). It involves the application of the x-ray spectrochemical method 


* Present address: Texaco, Inc., P. O. Box 3247, Ventura, California, 
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as one phase in the field study of a sequence of Tertiary tuffs and glasses 
of the Mt. Belknap Volcanic Series near Marysvale, Utah. 

The term x-ray spectrochemical analysis has been used by Parrish 
(1956a) to describe qualitative and quantitative analysis using the emis- 
sion spectra of elements in the x-ray wavelength region (0.1 to 100 A). 

he name emphasizes the similarity of the method to spectrochemical 
analysis utilizing the emission spectra of elements in the optical wave- 
length region. ‘‘X-ray spectrochemical analysis” is preferable to “x-ray 
spectroscopy,” a somewhat misused term first applied to x-ray powder 
diffraction using the diffractometer. The terms ‘‘x-ray fluorescence 
spectroscopy,” ‘“‘x-ray emission spectroscopy” or “‘fluorescent x-ray 
” are also less desirable. All of these seek to ex- 
press, in the words of von Hevesy (1932), “chemical analysis by x-rays.” 

The discovery by Barkla (1908-1911) of the ‘‘characteristic” nature 
of x-rays emitted by different elements furnished the basis for x-ray 
spectrochemical analysis. Although initial successes, such as the dis- 
covery of the element hafnium (von Hevesy, 1932) proved the utility 
of the method, it was not generally accepted as a means of chemical 
analysis until recently developed electronic devices replaced earlier 
photographic methods of intensity measurement. 

With the introduction of automatic programing in 1956, x-ray spec- 
trochemical instruments have found application on the production line 
as well as in the laboratory. In the important field of metallurgical 
alloys (Brissey, Liebhafsky and Pfeiffer, 1953; Whittig, 1959) this de- 
velopment has had special significance. The application of x-ray spectro- 
chemical analysis to mineralogical problems has been somewhat delayed. 
This has been caused primarily by the relatively recent development of 
reliable instrumentation, and the limitation of the analysis to elements 
with atomic numbers greater than 22. The last factor has been the most 
serious; although 80 of the 102 known elements could be analyzed, those 
which could not, include the important rock-forming elements C, O, 
Na, Mg, Al, Si, P, S, Cl, K, Ca and Ti. Within the past two years the 
range of analysis has been extended to Mg, leaving only C, O and Na as 
rock-forming elements still beyond reach. It is worthy of mention, how- 
ever, that Siegbahn, using a vacuum x-ray spectrograph, has analyzed 
metals as light as Li (Z=3). 

The basic theory of x-ray spectrochemical analysis has been covered in 
particular by Compton and Allison (1935), von Hevesy (1932), the 
Symposium of the American Society for Testing Materials (Friedman, 
Birks and Brooks, 1954) and in papers by Parrish (1956a). The im- 
mediate problem has concerned the modification of the standard x-ray 
spectrograph to permit the detection of light elements, and the applica- 
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tion of the modified instrument to the analysis of materials such as 
clay minerals and volcanic glass. 


INSTRUMENTATION 


Complete absorption of Al Ka radiation (A=8.3 A) occurs in the 34 
cm. air path used in the standard Norelco spectrograph. However, en- 
closure of the system with a flexible rubber bag permits replacement of 
the air with helium, which in turn allows 85 per cent transmission of the 
same radiation. Diffraction of such long wavelength radiation may be 
accomplished by the use of large single crystals of ammonium dihydro- 
gen phosphate (ADP) which are cleaved along the reflecting plane, 
2d=10.6 A. ADP crystals diffract Al Ke radiation within goniometer 
range with greater efficiency than gypsum (2d=15.2 A) and mica 
(2d=19.9 A). The flow proportional counter developed by Hendee, 
Fine and Brown (1956) provides a one hundred-fold increase in peak to 
background ratio over the most sensitive Geiger-Miiller counter devel- 
oped for use in the soft x-ray region. The least absorptive window for the 
flow proportional counter is 0.1 mm. mylar, which transmits 55 per cent 
Al Kae radiation. 

Other items in the standard Norelco spectrograph are the tungsten 
target x-ray tube and the collimator. The former, normally operated at 
35 Kv. and 27 Ma. for the detection of heavier elements, is given the 
heaviest possible loading without excessive overheating (50 Kv. and 
40 Ma.) when working with light elements. A 100 Ky. tube has recently 
been manufactured, but this requires a more powerful basic unit which 
has not been available for this study. In the case of the collimation, a 
four-fold increase in counting rate can be obtained by substituting a 
bundle of coarse nickel tubes for the closely spaced nickel foil collimator. 
The corresponding loss in resolution is not critical for the widely spaced 
reflections in the long wavelength region, but for the closely spaced 
reflections of elements heavier than titanium, such resolution loss cannot 
be tolerated. For this reason, the standard collimation was retained, thus 
avoiding realignment of the instrument upon transfer from light to heavy 
element determinations. 

Operational requirements include helium for the instrument path, 
methane-argon gas (P10) and a linear amplifier for the flow propor- 
tional counter, and electronic pulse discrimination by means of a Pulse 
Height Analyzer. The linear amplifier preserves the energy to pulse 
height relationship resolved by the detector while amplifying the pulse 
by a factor of several thousand. The Pulse Height Analyzer consists of a 
single channel or window of variable width, which can be set to accept 
pulses with energy corresponding to that of the radiation being studied 
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while rejecting all others including hard background radiation and de- 
tector tube noise. 

Modifications of the standard x-ray spectrograph for light element 
detection are summarized in Fig. 1. 
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B. LIGHT ELEMENT 


Fic. 1. Schematic diagram of equipment. 
A. ‘The standard x-ray spectrograph. 
B. Modifications of the x-ray spectrograph for “light element” (Z=12 to 29) detection. 
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MatTrRIx EFFECTS 


If problems caused by the presence of the matrix could be overlooked, 
x-ray spectrochemical analysis of a sample could be limited to an initial 
calibration, and a routine scan for detection. However, the associated 
matrix elements and the physical-chemical form of the specimen affect 
both qualitative and quantitative measurements. Physical state, particle 
size, and sample preparation must first be standardized. The major and 
minor associated elements in the sample are then ascertained to deter- 
mine the importance of inter-element interferences. These interferences 
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Tic. 2. Estimated limits of minimum detection. 


have been summarized (Molloy, 1959) in terms of x-ray emission and 
absorption interactions of three types: emission absorption, emission 
enhancement, and competitive absorption. 

In emission absorption the intensity of a wavelength emitted by one 
element is decreased by the selective absorption of that wavelength by 
another element present in the sample. Emission enhancement may be 
caused either by the overlap of adjacent emission lines, or the absorption 
of additional energy by one element in the range in which another ele- 
ment is emitting. Competitive absorption may occur with insufficient 
excitation potential, in which case a decrease in emission intensity may 
be noted if two or more elements absorb energy in the same range. 
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The basic limitation in analysis with the x-ray spectrograph is the 
minimum amount of an element that can be detected (Fig. 2). If the 
element exceeds this minimum, analysis is possible. 

The intensity of the secondary radiation emitted by the sample is a 
direct measurement of the amount of the element present. Quantitative 
analysis is therefore possible, but, in all except simple systems, this in- 
tensity must be corrected for inter-element interferences. Thus the 
adjustment of intensity measurements to a standard calibration curve 
becomes the major problem in quantitative «-ray spectrochemical 
analysis. 

The accuracy of quantitative analysis is limited, therefore, by the 
amount of the element present, the atomic number and amount of in- 
terfering elements in the sample, the sensitivity of the instrument, and 
the nature of the detector. At the threshold of light element analysis, 
only large amounts of Mg and Al can be detected, and with only semi- 
quantitative accuracy. In the neighborhood of titanium, 0.01 weight 
per cent oxide may be determined with quantitative accuracy. Titanium 
is at the threshold of the standard spectrograph, and normally this 
instrument will not detect less than 1% TiOs with the scintillation 
counter. 


MATRIX CORRECTIONS 


Hower (1959) and others have pointed out that the matrix correc- 
tions for most elements in the trace element analysis of rocks and min- 
erals are satisfied by the correction of the gross x-ray absorption coef- 
ficient of the sample with reference to a standard. This gross absorption 
coefficient is essentially dependent on the bulk element composition, 
and may be expressed in terms of the mass absorption coefficient of the 
sample calibrated against a standard. Corrections for the major ele- 
ments are more involved, but may be approximated by the addition of 
an internal standard which reacts in a manner similar to the element 
under study. Such theoretical corrections make possible precise, quan- 
titative «-ray spectrochemical analysis. 

At present, such precise analysis is limited to simple mineral systems, 
or to restricted applications with well established alloys and chemicals. 
Bulk analysis of samples with unknown composition is semi-quantita- 
tive. However, within a restricted compositional range, certain modifica- 
tions permit extension of precise, alloy-type analysis to silicate mineral 
systems. 

X-ray spectrochemical analysis of alloys is best accomplished by 
calibration with previously analyzed standards which are nearly identical 
in composition to the samples. For each significant change in the propor- 
tions of the components, a suitable standard must be prepared. In an 


X-RAY SPECTROCHEMICAL ANALYSIS 917 


instrument such as the Autrometer (Behr, 1956), an automatic x-ray 
comparison spectrometer, the alloy sample and a suitable standard are 
alternately placed in the detection position as a record is made of ele- 
ment intensities. This immediate comparison of sample and standard 
forms the basis of quantitative analysis performed with the x-ray spec- 
trograph. Absorption and emission interferences are corrected by the 
analyzed standard which closely approximates the sample in composi- 
tion and preparation. 

The extreme compositional range of rocks and minerals requires strict 
limitation in the compositional range of a particular study. An approxi- 
mate quantitative analysis must be confined to a particular mineral or 
mineral group, or, at most, a small rock suite. In the quantitative anal- 
ysis of such groups, two factors must be considered: (1) although syn- 
thetic mixtures may approach the mineral or rock in composition, the 
comparative intensities will probably differ because of slightly differing 
mass absorption coefficients, and (2) an unrecognized interfering ele- 
ment may destroy the accuracy of the analysis. 


INSTRUMENT CALIBRATION 


Maximum accuracy in quantitative analysis with the «-ray spectro- 
graph may be obtained through the application of counting statistics 
(Parrish, 1956)). However, the large number of analyses desired has led 
to the use of a more rapid method, which may be described as graphic, 
continuous stripchart recording. Scanned or oscillated peak heights and 
corrected peak height (minus background) readings may be used for 
semi-quantitative estimates, but lack sufficient reproducibility for 
quantitative work. 

An integrated peak height method was developed to provide the 
necessary accuracy. This involves several steps: the goniometer is set 
for the maximum intensity of the selected peak, the Pulse Height 
Analyzer is adjusted if required, the proper scale factor and multiplier 
are selected to retain the peak within the chart range, the maximum time 
constant (16 sec.) is chosen to permit integration of the signal, and the 
recorder is allowed to reach the maximum position and continue running 
for several minutes. The result is a plateau (Fig. 3) which is smooth when 
a large number of counts are recorded (ThOs»), and irregular when only 
a few counts are detected (SiOz). The Scale Factor (S.F.) notations refer 
to the settings on the electronic circuit panel of the instrument. Because 
many instrument settings are required, it is advisable to complete the 
work with each element, determining the calibration curve with stand- 
ards and analyzing the unknown specimens, before changing the settings 
to analyze for another element. 

Several stages have been employed in the development of calibration 
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curves: (1) the initial calibration utilizing mixtures of simple chemical 
compounds or elements, (2) calibration with reference clay minerals 
and previously analyzed clay and volcanic glass specimens, (3) calibra- 
tion curves corrected to consider absorption or emission interferences. 
The third calibration is only required where interferences are encoun- 
tered. Instrument background has not been removed from the data 
curves. 

Figures 4a and 4b show the chemical calibration curves for silicon and 
silica in a matrix of aluminum oxide. The linearity of the points in both 
cases demonstrates that the determination is proportional to the amount 
of the element present, and that the integrated peak height method 
compares favorably with the counting statistics technique. For con- 
venience in comparison with mineral and rock analyses the curves are 
recorded in terms of oxides. 

The w-ray spectrograph has been calibrated with standard sample 
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Vic. 3. The integrated peak height method. The upper curve shows the stability 
obtained with a large number of counts (ThOks, scale factor 64). The lower curve shows the 
variation about a mean when only a few counts register (SiOz, scale factor 1). 
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a) Silicon, SiO» in Al,O3. 

b) Silica, SiOz in Al,Os, scale factor 1. 

c) Aluminum oxide, AloO3 in SiO», scale factor 2. 

d) Potassium, K2COs in SiO». 


sequences containing Al2O3, K2CO3, Fe, Cu, ThO2 and U30s in weighed 
amounts disbursed in finely ground silica. For the calibration of silica, 
the aluminum oxide set was used. The chemical calibration curves ob- 
tained from these preparations illustrate the accuracy and sensitivity of 
the x-ray spectrochemical method for the analysis of simple chemical 
systems. 

Figure 4c shows the chemical calibration curve for aluminum oxide 
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in silica, derived from a set consisting of eight prepared mixtures. While 
the agreement between the points and the curve is good, the slope of the 
curve is too gradual to provide desirable accuracy. Several factors ac- 
count for this situation. The long wavelength of aluminum radiation is 
considerably absorbed by helium; the primary x-ray beam is inefficient 
in the aluminum excitation region; and the detector is relatively insensi- 
tive to extremely soft radiation. These three factors combine to reduce 
the number of counts recorded for each per cent of aluminum oxide in 
the sample. This in turn results in the gradual slope of the calibration 
curve over the range of interest (0 to 70% Al2.O3). In such a case the de- 
terminations will have a minimum variation of about +10% of the 
amount present, which may be attributed to reproducibility and reading 
factors alone. This is to be expected for determinations at the threshold of 
detection of the fluorescence technique. 

The chemical calibration curve for silica (Fig. 46) shows a more de- 
finitive slope which results from the detection of a much larger number of 
counts for each per cent silica in the sample. Both the sensitivity and 
accuracy of the determination benefit from the improved detection. 

The large number of counts recorded in the determination of potassium 
in silica (Fig. 4d) shows that the analysis of this element, and others 
which are greater in atomic number, lies well within the range of maxi- 
mum sensitivity and accuracy of the instrument. In simple systems de- 
tection of less than 1% K.2O is routine, with an accuracy approaching 
+5% of the amount present. 

Determinations of iron oxide (Fig. 5a), copper (Fig. 58), thorium 
oxide (Fig. 5c), and uranium oxide (Figs. 5d and 6a) in silica are similarly 
uncomplicated. The accuracy and sensitivity of the determinations im- 
prove with the increase in atomic number, again in response to the 
larger number of counts detected. Figures 5c and 5d demonstrate the 
limitation on this increase in sensitivity. When too many counts are 
available, the detector becomes saturated and fails to record all of the 
impulses. The curve tends toward a plateau at the upper end, precluding 
the accurate analysis of samples containing large amounts of these 
oxides. This is overcome by decreasing the primary x-ray beam intensity, 
thus decreasing the secondary emission from the specimen, and the 
number of counts recorded by the detector. Figure 6a is a small portion 
of the uranium oxide calibration curve (Fig. 5d), recorded with a different 
Scale Factor, showing the straight line characteristic of a calibration 
curve over a limited concentration range. 

The influence of the mass absorption coefficient of an alumino-silicate 
matrix and the effect of interfering elements upon these chemical 
calibration curves have been established by additional calibration with 
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the set of original analyzed specimens of seven reference clay minerals 
from the American Petroleum Institute Research Project 49 collection. 
These specimens include kaolinite, halloysite, montmorillonite, and 
illite, and cover the principal range of clay minerals previously estab- 
lished for the Marysvale, Utah uranium area (Kerr et al., 1957, p. 60). 
Table 1 lists the chemical analyses for these reference clay minerals. 
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Fic. 5. Chemical calibration curves for mixtures. Weight per cent element or oxide vs. 
integrated peak height. 
a) Tron oxide, Fe in SiO», scale factor 128. 
6) Copper, intensity partly absorbed by iron in matrix, Cu+Fe in SiOz, scale factor 256. 
c) Thorium oxide, saturation of detector is responsible for increasing lack of sensitivity, 
ThOs in SiOz, scale factor 8X 128. 
d) Uranium oxide, U;Os in SiOs, scale factor 8X 128. 
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The curves obtained by plotting the chemical analysis of these standards 
against the integrated «x-ray intensity were checked by the x-ray spec- 
trochemical analysis of three chemically analyzed specimens of clay and 
volcanic glass from Marysvale, Utah. These three analyzed specimens 
were studied in 1953 by Kerr and Hamilton during the previous inves- 
tigation of vitrophyre ores and alteration in the Central Mining Dis- 
trict of the Marysvale Uranium Area. Table 2 shows a comparison of the 
wet chemical analyses of these Marysvale specimens (by the New Bruns- 
wick Laboratory of the U. S. Atomic Energy Commission) and the «-ray 
spectrochemical analyses utilizing the techniques outlined in this study. 
The agreement between the conventional chemical and x-ray spectro- 
chemical analyses was sufficient to encourage proceeding to the analysis 
of unknown specimens of similar composition, on the basis of the ref- 
erence clay calibration curves and the analyzed Marysvale specimens. 


TABLE 1. CHEMICAL ANALYSES FOR AMERICAN PETROLEUM INSTITUTE 
REFERENCE CLAY MINERALS* 


Kaolinite Halloysite Montmorillonite Tllite 


API Wa WAPI 9a API 13 APIS D SPAPIEZS AUP 35 ee ANTE SO 


Murfrees- Mesa Polk- 

boro Alta Eureka ville Chambers Fithian Morris 

Ark. N. M. Utah Miss. Ariz. Ill. Til. 
SiO» 45.47% 46.07% 43.98% 50.95% 49.91% 56.91% 57.41% | 
AbOs 38.84 38.07 38.46 16.54 17.20 18.50 17.96 
Fe:,03 19 733 — 1.36 Pe Ale 4.99 4.99 
FeO = = 03 26 .26 26 26 
MgO sil 01 Trace 4.65 3.45 2.07 Dd IDS 
CaO 24 38 sow 226 Boil ho SY) 64 
Na2O 24 ii 14 Ail) .14 43 ALS 
KO 42 43 48 A7 28 5.10 SRS 
HOF 13.66 13.47 14.59 8.28 7.70 5.98 6.70 
H2O- fil 43 2.58 ISeOt Si 2.86 2.97 
TiO .86 50 01 non 24 81 .82 
MnO, — = 01 04 
SO; Trace 
G — O01 Trace 
LiO, — 

Impurities 2.81 3.61 ie 
Absorbed 

H2O 70 44 DRX) 


Total 100.81 


99.96 100.59 100.28 99.47 


99.50 99.90 | 


* Kerr ef al., 1950, Report No. 7, pp. 43, 45, 49, 52, 53, 57. 
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‘TABLE 2. COMPARISON OF WET CHEMICAL AND X-RAY SPECTROCHEMICAL ANALYSES 


oF THREE MARYSVALE, UTAH, STANDARD CLAY AND GLAss SPECIMENS! 


Wet Chemical Analysis X-ray Spectrochemical Analysis 

Per cent Brown Pink Green Brown Pink Green 

oxide glass? clay® clay* glass clay clay 

G 

F 

Na 1.88 i) Sy) 45 

Mg oy) 1.59 3.62 

Al 11.54 14.33 20.24 10.1 15.6 21.9 

Si 63.60 56.39 56.02 (65) (55) (61) 

iP 

S 98 25 il? 87 2 1.20 

Cl 

K 3.79 1.09 Deli 3.6 1h 58) 1.6 

Ca iO 1.83 61 1.78 == 59 

Ti 07 10 14 07 ls) 19 

V 

Mn .05 .02 02 04 03 02 

Feé 5.088 8.061 3.566 (.6) (3.65) (ae) 

Cu 01 O1 01 O1 O01 01 

Sr 

Mo 29 69 09 1 7 A 

Ba 

Pb O01 01 O1 01 O1 005 

U 42 02 02 02 02 02 


Semiquantitative data are given in parentheses. 
1 Analyses by New Brunswick Laboratory, U.S. Atomic Energy Commission. 
* Sample 600-11, brown glass from vitrophyre dike, Bullion Monarch Mine. 


’ Pink clay alteration from same dike. 


4 Greenish clay from same dike. 
> No determination. 


6 Tron oxides converted to total Fe.O3;. 


On the final calibration curves, the points representing the Marysvale 
specimens are shown as closed circles. 

When the nature of the instrument response to chemical mixtures 
was considered established by the chemical calibration curves discussed 
above, preparation of such chemical standards was discontinued. For 
the final calibration of calcium oxide (Fig. 60), titanium oxide (Fig. 6c), 
and manganese oxide (Fig. 6d), the curves obtained from reference clay 
minerals and checked with the analyzed Marysvale standards were con- 


sidered sufficient. 


For those specimens which had been initially calibrated through the 
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use of standard sets of chemical mixtures, a final calibration was also 
performed. In these instances, the calibration curves of the chemical 
mixtures and the reference clay minerals show the same slope for the 
same element. The displacement that may be noted is caused solely by 
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ic. 6a. Chemical calibration curve for a mixture. Weight per cent oxide vs. integrated 
peak height. 

a) Uranium oxide, 0 to 1.4 per cent, illustrating the linear character of a short portion 

of a calibration curve, U;Os in SiOz, scale factor 128. 

6b—-6d. Clay matrix calibration curves. Points represent analyses in Tables 1 and 2. 

b) Calcium oxide, scale factor 8. 

c) Titalium oxide, scaie factor 4. 

d) Manganese oxide, scale factor 2. 
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the difference in mass absorption coefficient between the matrices of 
the two materials. 

Final calibration for aluminum oxide (Fig. 7a) met with the same 
limitations encountered in the initial calibration. At the threshold of 
detection, the determination of aluminum would be aided by substitu- 
tion of coarser collimation for the standard nickel foil system. Pulse 
amplitude discrimination for aluminum radiation would reject most 
of the increased interference encountered with the coarse collimation, 
and would result in an appreciably increased signal-to-background ratio. 
While the selection of chemical standards (Fig. 4c) permitted control 
over the desired range of analyses, the close similarity in aluminum oxide 
content of the A.P.I. clay specimens (Table 1) and Marysvale standards 
(Table 2) precluded similar control during the final calibration. Despite 
the encouraging comparison of the aluminum oxide determinations in 
Table 2, calibration for aluminum is only slightly better than semi- 
quantitative, in view of the small number of counts recorded and the 
poor control afforded by the reference clay standards. 

Determination of potassium oxide in the range of interest (0 to 7%) 
was more successful, as the final calibration curve (Fig. 7b) shows. 

In the case of the calibration of silica and iron oxide, Figs. 7¢ and 7d 
respectively, the presence of interfering elements caused the displace- 
ment of points above and below the calibration curves. This is caused by 
the enhancement and absorption of the initial radiation. The effect of 
such emission absorption is seen in Fig. 58, in which the addition of iron 
to a set of copper standards resulted in the downward displacement of 
the emission intensities, caused by selective absorption of copper radia- 
tion by iron. 

Such inter-element interferences may be ascertained from Fig. 8, 
where the absorption edges and emissions arising from elements en- 
countered in this study have been plotted. The overlap of the emission 
of copper (Cu Kay, 1.540 A) and the absorption edge of iron (Fe Kan, 
1.740 A) accounts for the downward displacement of emission intensities 
encountered in Fig. 50. 

A similar displacement is seen in the calibration curve for silica (Fig. 
7c), and is interpreted as the absorption of silicon emission (Si Kay, 
7.125 A) by aluminum (Al K,p, 7.99 A). The grouping of the points in 
the silica plot reflects the aluminum content of the specimens. From 
left to right the points represent: the first group of three—kaolinites and 
halloysite; the first pair—montmorillonites; second pair—Marysvale 
dike clays; third pair—illites; and the last point—Marysvale dike glass. 
Empirical correction of peak intensities for the amount of interfering 
aluminum in the specimens is afforded by the correction curve seen on 


926 M. W. MOLLOY AND P. F. KERR 


100 100r . 
/ 
o f 7 
| 7 
| Y 
80r oo / 
= ae ° 
ois ° L 
2 i 7 ow 
w | Be = 
x a 
60+ pty Na ye 6OF 
| ¢ - < 7 
w2 | 5 a w 
a ; a ; 
WwW 
a . 
| 5 
a 40+ fe Sehr 
ee} vec aq 
g rae Me 
& w / 
w | EB e e 
20 = Ole / 
| ot 
V 
a =I Bie 1 =k att 4 Fel ee 1 4 
10) 20 40 60 {0} 2 4 6 
PER CENT Alg0x PER CENT Ko0 
{Og 100r 
| Cc d 
L 
aS Olle YE + BOF 
x A rz 
© we © 
es a Ww t 
x y x 
Ome ‘ ey 
607 (os) x 60F Zz 
Z oS y © < Le 
a / 8 a 
a eZ 9 2 
Be tor 4 ©) re 
a | a 
a iva 
rc) rc) 
w Ww 
= i 
z z 
= 740) 5 = 
| =i i 1 ‘L Me = 
0 20 40 60 80 3 
PER CENT Si09 PER CENT Feo Ox 


lic. 7a—-7b. Clay matrix calibration curves. Points represent analyses in Tables 1 and 2. 
a) Aluminum oxide, scale factor 2. | 
b) Potassium oxide, scale factor 8. | 


7c-7d. Uncorrected calibration curves. Points represent analyses in Tables 1 and 2. | 
c) Silica, scale factor 2. | 
d) Iron oxide, converted to total Fe.O;, scale factor 128. 


the lower right side of Fig. 9. Application of the correction factor from 
this plot to the points in Fig. 7c results in the corrected per cent SiO» 
final calibration curve of Fig. 9. | 

A similar grouping of points is not apparent in the calibration curve 
of iron (Fig. 7d). The displacements observed in this plot result from the 
combined effects of enhancement and absorption. Emission enhance- 
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ment of Fe radiation by Sr and competitive absorption by Mn are 
possible, in addition to emission absorption, by traces of V and Cr. In 
the absence of determinations for Sr, V and Cr from the reference clay 
minerals, a similar correction could not be established. However, the 
points from specimens high in Mn are displaced downward, and those 
high in Ca are displaced upward. The geochemistry of Sr indicates that 
it is admitted into the structure of Ca minerals in place of the larger 
radius Ca ion. Strontium would therefore be expected to increase in 
specimens high in Ca. Indeed, the uncalibrated spectrochemical deter- 
minations for Sr in the reference clay minerals show an increase in Sr 
emission intensity for those specimens high in Ca. 
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Fic. 8. Plot of inter-element interferences.* The elements chosen are encountered in the «-ray spec- 
hemical analysis of clay minerals and volcanic glass. The notation used is the following: Cu Kai 
esents the alpha 1 emission of the first order of the K series of copper, while Mo Li represents the 
absorption edge of the L series of molybdenum. 


* Compiled from Fine and Hendee (1954) and Powers (1957). 
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Fic. 9. Clay matrix calibration curve for silica, and correction curve for aluminum inter- 
ference. Per cent SiO: vs. integrated peak height, scale factor 2, reference clay minerals. 
Points represent SiO» analyses in Tables 1 and 2, corrected for aluminum absorption. 


EVALUATION OF X-Ray SPECTROCHEMICAL ANALYSES 


Several conventional chemical analyses of clay and glass specimens 
(Table 2), when compared with «x-ray spectrochemical analyses, suggest 
limitations of the x-ray method as well as useful applications. Aside from 
determinations of Na and Mg which lie beyond the present detection 
range of the x-ray spectrograph, some form of analysis was possible 
for all elements reported. 

Determinations for Ca, Ti, Cu and Pb appear reliable, and show a 
range in minimum sensitivity from 0.01 to 1% in this study. Such de- 
terminations would be considered quantitative in accuracy for the 
purpose of this paper. 


S, K, Mo and U analyses showed similar sensitivity to small amounts, 
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but contained a somewhat larger margin of error. These determinations 
would be considered approximately quantitative in accuracy. 

The figures for Al were consistently low by about 10% of the amount 
present, and those of Mn consistently high by about 50% of the amount 
present. This indicates a somewhat different mass absorption coefficient 
for these elements in the Marysvale specimens, in contrast to the ref- 
erence clay minerals. The calibration curves were therefore corrected by 
this amount prior to the analysis of the unknown Marysvale samples. 
These analyses are also considered approximately quantitative. Further 
study of matrix conditions would probably result in improved analyses 
for Al and Mn. 

Inconsistencies in the analyses of Si and Fe have been discussed. Silicon 
determinations have been corrected for aluminum absorption, and the 
figures obtained then lowered by a uniform correction of 10%. The 
absence of Sr, V, and Cr determinations for the reference clay minerals 
fails to provide a similar correction for Fe. While the Si analyses are rela- 
tively reliable (semi-quantitative in accuracy) those of Fe are unreliable. 


X-Ray SPECTROCHEMICAL ANALYSIS OF SPECIMENS FROM THE 
Mr. BELKNAP VOLCANIC SERIES, MARYSVALE, UTAH 


The Marysvale, Utah, uranium area (Kerr, Brophy, Dahl, Green and 
Woolard, 1957) has been under study at intervals by the mineralogy 
group in the Department of Geology, Columbia University, since the 
project was begun in 1951 under the auspices of the Division of Raw 
Materials of the United States Atomic Energy Commission. Initial inter- 
est in the association of uranium mineralization and extensive vulcanism 
has recently become focused on the relation of the mineralization and 
alteration to glassy dikes which penetrate the uranium mining area 
(Kerr ef al., 1957, pp. 47-48). These glassy dikes are of Late Tertiary 
age and form part of the Mt. Belknap Series of tuffs, glasses and rhyo- 
lites. A study of the Mt. Belknap volcanics in the Tushar Mountains 
adjoining the area mapped by Kerr e¢ al. was begun in 1958. In connec- 
tion with this work a considerable suite of specimens has been collected, 
in order to apply «-ray spectrochemical analysis to the interpretation of 
the volcanic sequence, to study the chemical nature of the rock, and to 
examine the alteration types. 

Several factors have served to facilitate this study. Much data have 
already been established on the compositional nature of the volcanics as 
well as the mineralization and the alteration (Kerr ef al., 1957). Clay 
minerals and volcanic glass are known to comprise the bulk of the rock 
suite collected. Hence the x-ray spectrograph has been calibrated for 
the clay-glass compositional range with a set of clay mineral standards 
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(Kerr ef al., 1950), and analyzed clays and glass from the Marysvale 
area. Standard preparation procedure of samples and standards mini- 
mizes differences of a physical nature. Complete scans were made of each 
specimen in both the light and normal element range (Z=12 to 102) to 
insure that the effect of inter-element interferences could be considered 
for each element under analysis. Among the 42 samples studied Al, Si, 
P, S, K, Ca, Se, Ti, Mn, Fe, Cu, Zn, Rb, Sr; Zr; Th, andi U weretound 
to be significant, and the spectrograph was calibrated for either a quan- 
titative or semi-quantitative determination of each of these elements. 
The 70 elements which are not reported were either entirely absent, or 
present in amounts below the minimum sensitivity of the instrument. 

Discussion of the analyses of the Marysvale rock suites is limited in 
the present study to salient points, or to features which are consistent 
throughout the analyses. A more detailed investigation of minor points 
which are established by the analyses is planned, and will include a 
mineralogical study by x-ray diffraction, differential thermal, and opti- 
cal techniques. 

Examination of the spectrochemical analyses of the clay specimens 
(Tables 3A and 3B) shows high Al, Ti, and Fe, occasionally high Ca, 
low P, and extremely variable Si. These clays were collected from altera- 


TABLE 3. CLAY SPECIMENS; MT. BELKNAP VOLCANIC SERIES, MARYSVALE, Uran 


A. Description 


M1 ss Alteration, clay, Beaver Canyon. 
MS _ Alteration, clay, Phillips 66 tunnel, Beaver Canyon. 
Mo _ Alteration, hematitic clay, Beaver Canyon. 
M7 Alteration, clay, Beaver Canyon. 
M14 Alteration, hematitic clay, Beaver Canyon. 
M15 Alteration, hematitic clay, Beaver Canyon. 
B. X-ray Spectrochemical Analysis* 
Additional 
Al Si K Ca ay Mn Fe Cu Determi- Trace 
nations 

Mi 19.8 (66) 5.6 scHNOr AR OE C7) O01 P, Rb, Zr 
MS WO 2) So TOOL OleeryL Seane (le) O01 Rb 
M6 16.9 (60) 199) 49672905 5 — (Oa) Ol ONS St 
M7 ES Gay “Aha. GL / Onn OSmmmn( On.) Cr, Rb, Pb 
Ma 24 (OS) om mes SD Dee (Oi) - Rb, Sr 
Wtatisy AES (ates) e) sO alle OY = (2,6) 01 V, Rb 

* In per cent oxide, total iron oxides reported as Fe:Os. 
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TaBLe 4. Turr SpecimENS; Mr. BELKNAP VOLCANIC SERIES, MARYSVALE, UTAH 


A. Description 


M3 ___Lithophysae and tuff, Beaver Canyon. 
M4 = =‘Tufi, slightly radioactive, Nallick claim, Mt. Barrette. 
M9 = Altered tuff, Beaver Canyon. 
M10 Tuff, summit of Gold Mt. 
M11 Laminated, weathered tuff, Beaver Canyon. 
M13 Columnar welded tuff, Beaver Canyon. 
M17 Fragmental tuff, Beaver Canyon. 
M19 Joe Lott tuff, upper columnar section, Sam Stowe Canyon. 
M20 = Joe Lott tuff, dark brown fragmental section, Sam Stowe Canyon. 
M31 Fragmental red tuff, south of V.C.A. mine, Marysvale Valley. 
M34 _ Bleached tuff, Beaver Canyon. 
M35 Vesicular tuff, Beaver Canyon. 
M36 Fragmental tuff, Beaver Canyon. 
M41 Red fragmental tuff, Beaver Canyon. 
B. X-ray Spectrochemical Analysis* 
Additional 
Al Si K Ca “ith Ilia 1% Cu Determi- Trace 
nations 
BY Smee en (O9) et Oe SOS eal eee OS 1 le2) ae. Ol PX AW.. That INOS, ZAv 1205 
M4 IS.i @S) S.A 0 sl (Co) ol P, Rb, Zr 
MQ BOB (i) ath se te (ory SON Rb, Zr, Pb 
MAO 122 GP) 4.0 sR si@ 30s (oe) oil Rb 
Na IS GO) Os 32 LO == (28) 2 Rb 
VIN Girl Geen (OS) 4 2 Ou ole ele eo (4) OL Rb 
MI IDs Gil) Bal ied Or Ase = (325) Oil P, Rb 
MiIQ Dil (i) eee ie Oe 2OHe (sy) il P, Rb 
MAO Wet (oy 24.5 sal sos toes C25) ol Rb 
vis iemel Sh/a(OS)) 4040 ee OSn 09) 07 iat) OL Rb 
MBA OO i) eh PI WE (cx) OL Pa Riby se 
NBS BO (GO) ee sey ale OL 1G ts) SO Grek 
VAG OOO (11) mAs / ee ZO Ole OOZES (GO) ee OL P, Rb 
M41 13.1 (68) 4.7 wel oll A) (CO) Ot Rb, Th 


* Tn per cent oxide, total iron oxides reported as I’e203. 


tion zones, which in the Mt. Belknap Series are localized about fracture 


systems. 


Analyses of the tuff samples (Tables 4A and 4B) are characterized by 
low Mn, S and Fe, together with consistently high K and a complete 
absence of Sr. The latter indicates a distinction between the tuffs and 
local glassy dikes which are high in Sr. Although the glassy dikes and 
the tuff are closely associated, the spectrochemical data indicate that 
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the dikes were not the source of the major tuff accumulations, which 
attain a thickness of 3,000 feet in places. Recent field evidence supports 
this conclusion, indicating that the source of the tuffs was considerably 
removed from the Marysvale area. In general, the tuff specimens, with 
their expected homogeneity, are quite similar in spectrochemical anal- 
ysis, far more so than any other group. 

The volcanic glass specimens (Tables 5A and 5B) were among the 
most interesting examined, both in view of their field occurrence and 
analyses. The specimens included examples of surficial flow glass and 
intrusive dike glass, ranging in color from jet black to light brown, and 
in appearance from obsidian to perlite. Analysis shows frequent traces 
of strontium and phosphorus, and also distinguishes the dike glasses 
from the flows. The former (M25 and M29) are lower in K and at the 
same time higher in Ca, and are thus set apart from the others which 
are all flow glasses. Field relationships indicate that the glassy flows are 


TABLE 5. GLAss SPECIMENS; Mt. BELKNAP VOLCANIC SERIES, MARYSVALE, UTAH 


A. Description 


M22 Gray glass, Deer Creek Canyon. 

M23 Gray glass, Teacup Structure (vent), Marysvale Valley. 
M24 Black glass, Beaver Hill. 

M25 Brown glass from dike, Beaver Canyon. 

M206 _ Gray glass, Beaver Canyon. 

M27 Isoclinally folded gray glass, Gray Hills. 

M28 Glass from fault zone at mouth of Beaver Creek. 

M29 _ Brown glass from dike, 300 foot level, Prospector mine. 
M30 Black glass from Black Knob, Marysvale Valley. 


B. X-ray Spectrochemical Analysis* 


Additional 
Al Sy K Ca Ti Mn Fe Cu Determi- Trace 
nations 

WMP NO (ss) 23 oF 9 sO ( 45) sol 1D, loys, She 
IWS) MG (OD). Sey OY AD OLD). Jee ashe 
ZAERO oy) 28a eA tS YS C7 O01 Rb 
IEA EGY (OD) Pil ak > Cy © 37) Oil He Ahoy, She 
VEZ OSES (OS) el ee 1 OG 2/0) 4m 10) eC Rb, Sr, Zr 
MP 1O-0> (sy 225) — ey lO 0G CB) Le elo) Ar 
IDAs als (US) ZEO)  sey OY  .O  @)—LO PE IROL, Sher LU) 
NADA lapel (hes) OAS Nae AO OS oS O01 WE ARO S)5, “Ae, 121m 
IVS OA ee ((//5)) 4 Om OO ne) ) SR O01 Pa OrekD 


* In per cent oxide, total iron oxides reported as lesOx. 
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part of the valley sequence of rhyolites and tuffs, associated with local 
vent structures. The glassy dikes, while also common in the valley 
area, show a Closer relation to both the high mountain tuff sequences 
and the period of regional mineralization. 

As has been pointed out, the rhyolites (Tables 6A and 6B) of the 
Marysvale area are principally associated with local valley vents. These 
are the red rhyolites of the lower volcanic sequence, and must be dis- 
tinguished from the gray rhyolite specimens (M8, M37 and M38) of 
the upper, high mountain sequence. These gray specimens, as indicated 
by their characteristic contorted flow-folding, flowed along a regional 
slope from their original area of deposition in the high mountain region 
down into the valleys below, building up into a great thickness. A gray 
flow (M18) from a valley vent structure unrelated to the upper volcanic 


TABLE 6. RHYOLITE SPECIMENS; Mt. BELKNAP VOLCANIC SERIES, MARYSVALE, UTAH 


A. Description 


M8 Dense gray flow, Beaver Canyon. 

M16 Layered rhyolite from intrusive core, Marysvale Valley. 

M18 Gray rhyolite from Teacup Structure (vent), Marysvale Valley. 
M21. Red rhyolite, Deer Creek Canyon. 

M32 Red rhyolite porphyry, south of V.C.A. mine, Marysvale Valley. 
M33 Flow-banded rhyolite, Beaver Canyon. 

M37 Flow-banded gray rhyolite, Beaver Canyon. 

M38 Gray rhyolite capping, summit of Mt. Belknap. 

M40 Red rhyolite, Dome Hill. 

M42 Red rhyolite porphyry, Beaver Canyon. 


B. X-ray Spectrochemical Analysis* 


Additional 


Al Si K CA Ti Mn Fe Cu Determi- Trace 
nations 
M8 Oss) CUS) — S52! XS SG — (1.0 O01 ID Ro, ZOE 
M16 MA (3) Seo 1 509 ROO 25 01 Rb, Zr 
M18 18.0 (63 S81 OY CQ == (CP? O01 6:07S) Sr 
M21 20.1 G2) SeF TAS Of Oe — (x0) 01 Zn 
M32 SHOMmnn (Oi 4.7 5G til (YE sf) .O1 Rab 
M33 kg (3) Weil .29 14 — 6 O01 V, Rb, Cr 
M37 16.4 (74) 4.4 soul I OES aa .O1 P, Rb 
M38 ign oomeeen (C77) 4.6 so TA Oi .6) O01 1B 1b} 
M40 IDG (GS) Ges ahs sey (6 01 Rb 
5, 1l 


M42 OKO MN (7S A tA OEE = (GH 01 P, Rb 


* Tn per cent oxide, total iron oxides reported as e203. 
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sequence is distinguished from three other gray rhyolites (M8, M37, 
and M38) by lower Si and exceptionally high S content. The analyses 
underline the variability among the rhyolites, which as a group are less 
homogeneous than any of the others. 

Specimens of uranium mineralization, silica and carbonate alteration 
(Tables 7A and 7B) are sharply distinguished from the normal rock 
types by spectrochemical analysis. All show a trace of scandium, which, 
with the exception of a hydrothermally bleached tuff (M34) is found 
only in specimens associated with mineralization and alteration. Simi- 
larly, the uranium ore is unusually high in Fe, Ca, S and U, and low in 
Al, Si, K, Ti and Rb. M12 represents a zone of silica enrichment sur- 
rounding a glassy dike (M25) characterized by 2 to 3 inch lithophysae 
imbedded in a ground-mass of pink and white perlite and green clay. 
The lithophysae were almost pure silica, and often showed a central 
cavity lined with small quartz crystals. Analysis of this material is high 
in silica, and low in iron, potassium and titanium. Otherwise the com- 
position resembles the tuff specimen (M3) into which this altered ma- 
terial intergrades. 

Finally, there is a constant trace of rubidium, copper and titanium in 
all specimen types. 


CONCLUSIONS 


The observed sensitivity of «-ray spectrochemical analysis in the case 
of minor amounts of P, S, Sc, Ti, Mn, Cu, Zn, Rb, Sr, Zr, Mo, Pb, Th, and 


TaBLE 7. OTHER SPECIMENS; Mt. BELKNAP VOLCANIC SERIES, MARYSVALE, UTAH 


A. Description 


M2 Mineralization, uranium ore, Phillips 66 claims, Beaver Canyon. 
M12 Alteration, silica nodule from dike, Beaver Canyon. 
M39 White alteration, effervescent coating, Beaver Canyon. 


B. X-ray Spectrochemical Analysis* 


Additional 
Al Si K (Cri CD Vin Ire Cu Determi- Trace 
nations 
M2 tree {3} 95 91+ .02 — (2.7) — 1068'S)  PVe-Znmebmos 
LORI 
MUG NGS (7) 83.5) SPR ADS SOC) COL PAID SC 
M39S 6.6. (18), Dad 


6m en OL es P, Sr, Se 


In per cent oxide, total iron oxides reported as Fe.Os. 
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U holds promise for the ultimate quantitative detection of these elements 
by the x-ray spectrographic technique. 

Approximate quantitative sensitivity has been developed in complex 
alumino-silicate systems for K, Ca, Ti, Mn, Cu, Mo, Th, and U in the 
range from .01 to 10 per cent oxide by weight. 

Somewhat larger amounts of Al, Si, and Fe oxides are easily detected, 
but gross matrix absorption and interelement interferences provide 
serious problems for precise quantitative analysis. These important ele- 
ments appear limited at present to semi-quantitative determination, 
thus restricting conclusions that might otherwise be drawn. 

The semi-quantitative analyses for P, S, Sc, V, Cr, Zn, As, Rb, Sr, Zr, 
and Pb indicate that calibration of the instrument for quantitative deter- 
mination of these elements should be attempted. For such calibration, a 
set of previously analyzed standards must be available. 

With a capacity for a large number of approximate quantitative deter- 
minations, the x-ray spectrograph provides a useful supplement for con- 
ventional chemical analysis. However, for many determinations where 
quantitative accuracy is essential, the customary chemical method is 
preferred. The application of «-ray spectrochemical analysis to an in- 
creasing number of quantitative determinations shows that further 
improvement of the method may provide much data now obtained by 
conventional analyses. 

The general uniformity of analyses from the Marysvale specimens 
emphasizes the homogeneity of the magma which supplied the complex 
of tuffs, glasses and rhyolites which blanket the region. The analyses also 
indicate that chemical data may be conveniently assembled with an «-ray 
spectrograph controlled by standards. Several significant relationships 
are shown by the spectrochemical data: (1) enrichment of Fe, Ti, Al and 
Ca, and depletion of P in clay alteration zones which follow fracture sys- 
tems; (2) the chemical distinction between the tuffs and local glassy dikes 
which might have served as feeder vents; (3) the unusual homogeneity 
of the tuff specimens; (4) a distinction in K-Ca ratio between flow and 
dike glasses, indicating that these particular dikes were not feeders for 
the flow glasses; (5) separation of the red rhyolites of the lower, valley 
sequence, from the gray rhyolites associated with the tuffs of the upper, 
high mountain sequence; (6) and finally, the sharp chemical distinction 
between the carbonate-silica-uranium mineralization and the normal 
rock types of the Marysvale region. 
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THE CRYSTALLOGRAPHY OF MCGOVERNITE, 
A COMPLEX ARSENOSILICATE 


BrRNHARDT J. WUENSCH, Crystallographic Laboratory, 
Massachusetts Institute of Technology, Cambridge, 
Massachusetts. 


ABSTRACT 


Mcgovernite has been found to have the largest unit cell yet discovered for an inorganic 
material which is not a stacking polytype. The mineral has probable space group R32/c 
and unit cell dimensions a=8.22 A, c=205.5 A, as determined from oscillation photographs 
and confirmed by precession photographs. The primitive rhombohedral cell contains 
6 MnoMguZneAsySivOi7(OH)i4. The cell dimensions indicate a close relationship to dixenite, 
another complex arsenosilicate. 


INTRODUCTION 


Mcgovernite is a complex arsenosilicate occurring in the zinc deposits 


~ at Sterling Hill, New Jersey. Well crystallized material occurs in slightly 


deformed, mica-like “books” and in coarse granular masses. The mineral 
is brittle with a very perfect micaceous cleavage. Nearly perfect crystals 
have a deep red-brown, somewhat bronzy color, while masses have a 
pearly appearance and a light brown color. The specimens examined 
were uniaxial positive with a barely detectable birefringence, and had 
Ag = NIG ae WO. 

The mineral was first reported by Palache and Bauer (1927) who were 
not able to determine a simple and satisfactory formula. The simplest 
empirical expression representing the results of their analysis was 


21(Mn, Mg, Zn)O-3Si02:3As.0;: As.0;:10H20. 


This formula and the physical properties of the material indicated that it 
might be related to dixenite, 21(Mn, Ca, Fe)O-4Si02-4As2.03:5H2O 
(Flink, 1920), and also more remotely related to the friedelite-schallerite 
group (Bauer and Berman, 1928). 


PREPARATION OF CRYSTALS 


Cleavage plates taken from well crystallized specimens appeared to be 
single crystals and, because of the brittle nature of the flakes, were easily 
broken into fragments of size suitable for x-ray analysis. Diffraction pat- 
terns subsequently showed, however, that these plates were not single 
crystals. Upon examination with an optical goniometer, it was observed 
that each cleavage surface gave rise to a series of reflections originating 
from different layers within the volume of the crystal, indicating that the 
cause of this trouble was partial cleavages in the plate induced by the 
breaking, rather than twinning or plastic deformation. In some cases, 
interference fringes were visible along the partially cleaved surfaces. 


937 


938 BERNHARDT J. WUENSCH 


After considerable difficulty, single-crystal fragments were obtained from 
extremely thin cleavage plates which could be broken to appropriate size 
with application of only very slight pressure. 


X-RAy EXAMINATION 


Since the basal cleavage plane was the only morphological feature of 
aid in orienting the crystals, a c-axis rotation photograph was first ob- 
tained. This pattern indicated a (001) spacing which was so enormous 
that it would prove impossible to resolve the various / levels with the 
layer-line screens required in any moving-film method. The unit cell and 
space group were consequently determined with the oscillation method. 
Although this technique is not as powerful as the moving-film methods 
(Buerger, 1942a), it was nevertheless possible to unambiguously index ali 
reflections and to determine the unit cell and space group of the crystal. 

Five 20° oscillation photographs were obtained at 20° intervals to 
determine the symmetry along the ¢ axis. MoKa radiation was used in 
order to obtain a large number of values of # and k. These photographs 
indicated diffraction symmetry 3m and exhibited rhombohedral and C 
glide space-group extinctions. Different photographs are obtained when 
the oscillation range is centered about each of two neighboring symmetry | 
planes in a rhombohedral lattice. By comparing the observed J values 
with those predicted for each of these cases, it was possible to identify the 
oscillation range. This permitted indexing of all reflections on the films. 
exhibiting the plane of symmetry of the Laue group. Within certain nar- 
row limits, this indexing fixed the orientation of the crystal about ¢ with 
respect to the x-ray beam, so that the remaining films in the set of oscilla~ 
tion photographs could be indexed. | 

An approximate value of @ was graphically determined in the normal 
fashion (Buerger, 19426) from & values measured with the aid of a Berna! 
chart; c was computed from measurements made on a c-axis rotation 
photograph which was taken with FeKa radiation to increase the separa- 
tion of the closely spaced / levels. The unit-cell dimensions, as improved 
from measurements on precession photographs, were: 


Referred to hexagonal axes Referred to rhombohedral axes 
a= 8.22+0.02A a=68.7+0.3A 
G—20 S200 sed a=6°52’ 


Space group R3c¢ or R32/c 


The two possibilities for the space group differ only by a center of sym-| 
metry and therefore cannot be distinguished by x-ray measurements. A 
test for piezoelectricity was made with an apparatus similar to that de-| 
scribed by Stokes (1947) and yielded negative results. This test does not! 
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entirely eliminate the acentric possibility, but does lend support to 
R32/c as the most probable space group. 

Within the limits imposed by the extreme size of the cell, it was desired 
to obtain a direct record of the reciprocal lattice. Reflections recorded in 
this fashion are more readily examined for possibilities of twinning and 
evidences of substructures. Figure 1 gives a c-axis MoKa precession 
photograph adjusted for zero-level geometry. The hexagonal nature of 
the lattice is clear in this photograph, but, since the separation of neigh- 
boring levels is very small, the upper levels could not be eliminated by 
the layer-line screen. These levels were also recorded along with the zero 
level. This record is therefore a projection of a small slice of the reciprocal 
lattice onto the zero level and thus has a falsely high symmetry. The 
various levels were also not resolved on ¢ cone-axis photographs, but ap- 
peared as nearly continuous smears of coherent radiation. 

Figure 2 shows a zero-level MoKa precession photograph taken about 
[11-0]. The reflections on this photograph have indices of the form hh-1; 
the space group allows such reflections to be present only if / is even. It is 
interesting to note that reflections up to /=246 are observable on this 
film. Figure 3 shows an upper-level precession photograph taken about 
[11-0] giving general reflections having extinctions due only to the rhom- 
bohedral lattice. 


TWINNING AND POLYTYPISM 


Large cells are suspect since they may have been determined from 
twinned crystals of material having a smaller cell (Buerger, 1954). No 
“strange’’ extinctions were observed in the present study, however. No 
twinning model based on a smaller cell could be devised to give the ob- 
served patterns. 

For materials exhibiting a basal cleavage, cells with large spacings are 
also good candidates for stacking polytypes. Although there is no evi- 
dence for a substructure in the photographs of Figs. 2 and 3, several sam- 
ples from all specimens of mcgovernite available from the Harvard col- 
lection* were examined for polytypism. Cleavage flakes, usually imper- 
fect, were optically aligned with their ¢ axes parallel to the spindle of a 
precession apparatus, and a precession photograph of each was taken 
about a random direction in the (00-1) plane. By this procedure only 
00-7 reflections were recorded, but these were a sufficient check on the 
length of c. This method eliminated the time-consuming necessity of 
orienting the flakes and a search for highly perfect cleavage flakes. 

Although the specimens differed widely in physical appearance and 

* Harvard Catalog Numbers 90380, 104668, 104674, 105531 (used for the unit cell and 
space group determination), 105532, 105533 and 105534. 


940 BERNHARDT J. WUENSCH 


Fic. 1. Precession photograph of mcgovernite, c-axis, with settings for zero-level 
geometry. MoKa, 35 kv, 15 ma, 68 hours, f= 25°. It was not possible to eliminate all neigh- 
boring levels with the layer-line screen. The record is therefore essentially a thin slice of the 
reciprocal lattice projected parallel to c*. 


Fic. 2. Precession photograph of mcgovernite, [11.0] axis, zero level. MoKa, 35 kv, 
15 ma, 59 hours, = 25°. Reflections are all of special type hh- and exhibit both rhombo- 
hedral and c-glide extinctions, | 
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grain size, no polytypes or further evidences for twinning were dis- 
covered. 


CHEMICAL FORMULA 


Because of the large variety of atomic species present, including the 
unusual occurrence of arsenic in two oxidation states, Palache and Bauer 
could assign no satisfactory formula to the mineral. Knowledge of the 
unit-cell dimensions now permits computation of the numbers of each 
type of atom in the unit cell, but because of the large cell volume the 
numbers tend to be large and subject to considerable uncertainty. The 
determination of a formula is therefore still somewhat arbitrary. 

The triple hexagonal unit cell has a volume of 12,000 A’, which, when 
combined with an experimental density of 3.719 gr./cm.*, results in a 
molecular weight per cell of 26,900. In Table 1 this is divided among the 
various atoms on the basis of Palache and Bauer’s analysis. This leads to 
an empirical content for the primitive rhombohedral cell of 


+3, 5 as 
Mn54.1.Mgo5.1Zni1.3 Fe: 9As4.oAS9.75113.30191.5H 84.6 


Space group R32/c, when referred to rhombohedral axes, has 12-, 6-, and 
4-fold equipoints with at least one variable parameter, one symmetry- 
fixed 6-fold, and two symmetry-fixed 2-fold equipoints. Space group 
R3c has only 6-fold and 2-fold equipoints with variable parameters. After 
possibilities for substitution have been taken into account, the number of 
atoms contained in the cell must correspond to multiples of the multi- 


TABLE 1. CHEMICAL COMPOSITION OF MCGOVERNITE 


Molecules per 
Weight hexagonal cell. 
nes Wane s Equals eae 
Component| Mol. wt. et Evaies Seeks Tae Metal | Oxygen 
mol. wt. 
and Bauer, 
1927) X mol. wt./cell 
SiO» 60.09 .00892 14.8(10)~* 39.9 39.9 79.8 
MnO 70.94 .4272 60.2 162.2 162.2 162.2 
FeO 71.85 0153 Dik Saf Sol Si 
MgO 40.32 elt 7 28.0 75.4 75.4 75.4 
ZnO 81.38 1022 12.6 34.0 34.0 34.0 
AsoO3 197.82 0445 2 2 5.9 11.9 17.8 
As.O5 229.82 1248 5.4 14.6 AD A 72.8 
H,0 18.016 0849 47.1 126.9 253.8 126.9 
>- = 1.0008 > =574.6 
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Fic. 3. Precession photograph of mcgovernite, [11-0] axis, first level. MoKa, 35 ky, 
15 ma, 64 hours, @=20°. Reflections are general and exhibit only extinctions due to the 
rhombohedral lattice. 


plicities of the available equipoints. Although the correct space group is 
not definitely established, the number of atoms must still be multiples 
only of 6 and 2. 

No further analyses of mcgovernite are available, so it is not known to 
what extent there is substitution present among the metal atoms. It may 
be noted, however, that, with the exception of the small amount of iron, 
all metals are present in near-multiples of 6. Hydrogen is arbitrarily as- 
signed to hydroxyl radicals. Hey (1956) has shown that, in the chemically 
similar friedelite family, As does not substitute for Si and that As radicals 
do not substitute for OH. Accordingly, it is assumed that the As present 
is not in substitution with another species. With these assumptions, the 
rhombohedral cell contents may be written as 


6 Mng.oMgu.2(Zn, Fe)2.2Ast Aso. 3-xSi2.2017.s(OH) 14.1 


with «=.66. This suggests as an ideal formula for the Ast® end member 
of the series: 


MnyMgiZnAss Six017(OH) 14 


More analyses are necessary before the exact nature of the substitutions 
and formula are established. 
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RELATION TO DIXENITE 


The unit cell dimensions determined for mcgovernite show a remark- 
able relation to those reported by Wickman (1950) for dixenite.t 


Dixenite (Langban, Sweden) 8.22 A 37.44= 218.72 A 
Megovernite (Sterling Hill, New Jersey) Sy) 205.5 =11X18.68 


The empirical rhombohedral unit-cell contents for dixenite, scaled by a 
factor of 11/2 to permit direct comparison with those of mcgovernite, are 
as follows: 


Dixenite (X 11/2): 
Mnéo.6Mgi.sCus 3Fed «Ca, 5 Aaa 1P 1Si14.50176.8H37.7 


+3 +2 +2,. +3 # +3 , 
Mnyio.7Mn¢s.9Mg.s Cug.6F €5.0Ca.7Na.aK 5 ASga.1 Sig.3 O179.9H 32.6 


Mcgovernile: 
+2 pte +3 +5 a. 
Mn54.1Mg05.1Zn11.3Fer.9 Asu.oA$9.79113.3O0191.5Hs4.6 


The cell contents for dixenite are based on analyses given by Mauzelius 
(Wickman, 1950) and Johansson (Wickman, 1951), respectively. The 
latter analysis is the more reliable and, furthermore, was determined 
from the material used for the measurement of the lattice constants given 
above. 

In order to deduce an ideal formula for dixenite, it was necessary for 
Wickman to assume different valence states for some of the metal atoms. 
The two results for dixenite may then be expressed: 


5 


(Mn*, fe, Gui uAse (Si As* )s02;(OH); 
(Mn 4Fe-, Cu’ , As JaGi, As’ )sOxe(OH)e, 
respectively. Mcgovernite may be written: 
(Mn*, Mg, Zn)1;As3 Si2017(OH) 1s. 


It may be seen that there is a strong similarity between the unit cell 
contents of the two minerals, although the numbers of atoms contained 
in the cells are not quite in the same ratio as the lengths of their c axes. 
Assumptions slightly different from those made in this paper had to be 
made by Wickman in deducing the ideal formulae for dixenite. Since the 
space group of dixenite has not been reported, and in view of the fact that 
only three chemical analyses exist for two minerals of such variable 
composition, there is as yet no real basis for establishing the true relation 
between the formulae. 


+ The cell dimensions for dixenite, reported in kX units, have been converted to A, 
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DISCUSSION 


Referred to hexagonal axes, mcgovernite has the largest cell edge yet 
discovered as a basic translation in an inorganic material. It is true that 
a few larger cells have been reported, but only as members of a set of 
polytypes of certain crystals. In such instances the large period is due to 
a curious compounding of a simpler period and is not a fundamental 
characteristic of the structure. For example, Honjo ef al. (1950) have dis- 
covered a SiC modification, type 594R, with ¢ approximately equal to 
1500 A. 

The formula determined above suggests that, in spite of its perfect 
basal cleavage, mcgovernite is not a phyllosilicate. The lack of evidence 
in the diffraction patterns for a substructure equal to a submultiple of c, 
the brittle nature of the cleavage flakes, the negligible birefringence (in- 
dicating the absence of more loosely bound electrons perpendicular to the 
sheets), and the absence of polytypes despite the large cell size, all con- 
firm the unlikelihood of a mica-like sheet structure. | 

Despite the difficulties encountered when a unit cell contains a large 
number of atoms, some progress has been made in a crystal-structur: 
analysis of the two minerals. 
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THERMAL TRANSFORMATIONS AND PROPERTIES 
OF CRYPTOMELANE 


G. M. FAuLRING, W. K. ZwICKER, AND W. D. FORGENG, 
Metals Research Laboratories, Union Carbide Metals 
Company, Division of Union Carbide Corperation, 
Niagara Falls, New York. 


ABSTRACT 


An unusual occurrence of needles of cryptomelane in cavities in a manganese ore from 
western Australia is described. X-ray diffraction data for the acicular crystals are indexed 
in terms of a body-centered tetragonal unit cell although optical examination of the 
crystals indicates a pseudotetragonal cell. The powder data are more detailed than those 
previously reported for cryptomelane. Fiber patterns obtained from the crystals, heat- 
treated in air at various temperatures and times, establish the following thermal transfor- 
mations and relative orientations parallel to the [001] axis of cryptomelane. 


a |110| n A 
(001 | > [100] > 100] > [110] 


cryptomelane bixbyite hausmannite spinel 


A transformation product of cryptomelane indexed in terms of a spinel structure, 
ay=8.42 A, is reported. 

A correlation of thermogravimetric data with phase determinations shows that on con- 
tinuous heating at 6° C. per minute, fibered cryptomelane does not transform completely 
to bixbyite before the formation of hausmannite begins. At this heating rate, the critical 
temperature for formation of bixbyite from the acicular crystals of cryptomelane is ap- 
proximately 600° C., for the hausmannite approximately 825° C., and for the spinel ap- 
proximately 1050° C. 


In 1932, Ramsdell (1) showed that the hard, compact manganese oxide, 
usually known as psilomelane, was actually any one of several distinct 
minerals, the most common of which he termed “‘true psilomelane.”’ This 
mineral was characterized by a distinctive x-ray diffraction pattern, the 
presence of potassium and the virtual absence of barium. In 1942, Rich- 
mond and Fleischer (2) determined the chemical composition and phys- 
ical properties of several specimens of the mineral and gave x-ray data 
which were in close agreement with those given in a second report by 
Ramsdell (3). They proposed that the term ‘“‘true psilomelane”’ be dis- 
continued in favor of a new name “‘cryptomelane.” Although they con- 
sidered cryptomelane to be isostructural with the manganese minerals 
hollandite and coronadite, they were unable to determine its space group. 

The present authors’ interest in cryptomelane arises from studies de- 
signed to establish the properties and geochemistry of the different struc- 
tural types of manganese oxides. During the course of this investigation 
a manganese ore sample was received from western Australia, which con- 
sisted of a dense, dark-gray matrix containing a few small cavities partly 
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filled with aggregates of acicular crystals, hereafter designated ‘“‘needles.” 
The needles were shiny and black in reflected light, and frequently 
oriented toward the centers of the cavities (Fig. 1). 

A few of the needles were gently crushed for petrographic examination. 
Upon crushing, the needles split into fine fibers as shown in Fig. 2. The 
fragments were dark brown, and nearly opaque except when very thin. 
They were weakly anisotropic with parallel or nearly parallel extinction. 
Since the sign of elongation changed as the thin fibers were rotated, it ap- 
pears that they are biaxial rather than uniaxial in nature. 


CHEMICAL ANALYSIS 


The limited supply of cryptomelane needles (ca 150 mg.) necessitated 
the use of micro-analytical techniques and restricted the number of de- 
terminations that could be made. The chemical analyses of the needles 
and the matrix material are compared to those reported by Richmond 
and Fleischer (2) for various specimens of cryptomelane in Table 1. The 
relatively large amount of Fe2O3 and SiO, in the matrix material is due to 
the presence of hematite and quartz. The calculated chemical formulae 
in Table 1 are based on similarities of atomic radii and possible substitu- 
tions. ‘‘A”’ represents large ions (chiefly K* with substitution by Batt 
and Nat), and “‘R” represents small ions (chiefly Mn*‘, with substitu- 


Fic. 1. Needles of cryptomelane in cavity. 5X. 
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tion of Mnt?, Zn*?, Al*+®, Cut’, Cot?, and Fet® to maintain electrostatic 
balance). A chemical formula was not calculated for the matrix material, 
because of the relatively large amount of Fe.O 3. Gruner (4) reports the 
chemical formula, Mn‘y.4(Mn?,R?)o.s1(K,Na)0o.7(Bao.o216° (H2O0))1.31, and 
considered that H,O molecules could also occupy the position of the “‘A”’ 
ions. Bystrom and Bystrom (5) gave the general chemical formula, 
A 2» Bis_2) X6,* and suggested that a portion of these “‘A”’ positions may 
be vacancies. Mathieson and Wadsley (6) contend that sodium cannot 
replace potassium in the cryptomelane structure, but the present investi- 
gators consider sodium and potassium are somewhat interchangeable in 
this structure. 

The compositions of the various specimens in Table 1 are similar in 
many respects. The presence of potassium, the absence of a significant 
amount of barium, and the fact that lead was not detected, establish that 


{ENG 
oN ™N 


Fic. 2. Isolated fibers of cryptomelane needles. Transmitted light. 100. 


* In this formula y is approximately unity, 2 falls within the limits 0.1-0.5, A represents 
large ions, B represents small ions, and X represents O or OH anions. 
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TaBLe 1. CHEMICAL ANALYSES OF CRYPTOMELANE SPECIMENS 
1 2 3 4 5 6 
MnO; 83.13 86.54 SiS 87 .09 84.2 sill 
MnO 2.08 3.92 3.50 2.49 3.8) 5.16 
CuO Ome 0.44 0.06 None 0.08 0.05 
NiO None None 0.02 None = 0.02 
CoO None 0.21 0.21 0.08 0.10 0.06 
ZnO S483 None None 1.69 apoE None 
MgO 0.05 None 0.02 0.07 0.08 0.06 
BaO 0.13 1.04 None None 0.08 0.29 
SrO None 0.21 None None + ae 
Cad 0.27 0.30 0.28 None 0.05/ Gere 
Na.,O 0.44 0.47 0.56 0.48 0.38 0.84 
KO SO 3.88 3.84 3.10 4.4 DBS: 
H20 0.81 0.21 0.38 0.60 SP ar FE; 
H,O+ 2.58 1.62 3.45 3.58 ae 5 
AlO; 0.37 None Lod 0.39 OR 1.9 
FeO3 0.46 0.36 4.00 0.19 1.86 10.3 
SiO» 0.58 0.03 0.35 0.18 0.30 3.0 
TiO2 0.01 None None None 4.4. 0.88 
P.O; 0.07 0.19 None None +-+ Sea 
Total 99.83 99.42 99.79 99 .94 95.6 100.4 
Chemical 
Formula Ao.7RsOie Ao.79RsOig = Ao.74RsOi1e Ao.6sRsO1g Ao.sRsOre 
1. Tombstone, Arizona—Richmond and Fleischer. 
2. Deeming, New Mexico—Richmond and Fleischer 
3, Sugar Stick Prospect near Mena, Arkansas—Richmond and Fleischer. 
4, Philipsburg, Montana—Richmond and Fleischer. 
5. Cryptomelane needles—Western Australia—present investigators. 


6. Matrix material—Western Australia—present investigators. 


++ =not determined. 


both the needles and matrix material are predominantly cryptomelane 
and not the isostructural minerals, hollandite (barium predominant in 
‘‘4” type ions) or coronadite (lead predominant in “A”’ type ions). 

The naturally-occurring mineral cryptomelane has not been reported 
without potassium, although Dubois (7) and Mathieson and Wadsley (6) 
report manganese oxides, having x-ray diffraction patterns like those of 
cryptomelane, can be produced in the absence of potassium. 


X-RAy DIFFRACTION STUDIES 


Fiber photographs revealed that the needles were not single crystals 
but bundles of acicular crystals all oriented randomly around a common 
c axis. This was confirmed by Weissenberg photographs. 
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Rotation photographs of needles oriented along the ¢ axis could be in- 
dexed with the values reported by Ramsdell as body-centered tetragonal 
(ap = 9.82 A, co= 2.86 A, c/a=0.29). Richmond and Fleischer (2) reported 
a body-centered tetragonal unit cell a)=9.82 A, co=2.83 A, c/a=0.288: 
Mathieson and Wadsley (6) reported cryptomelane to be monoclinic 
(a9=9.79 A, bo =2.88 A, co=9.94 A, 8=90°37). The present Weissenberg 
photographs did not show any deviation from tetragonal symmetry, but 
this is not conclusive, since the needles always consisted of more than one 
crystal. Powder photographs also failed to reveal any monoclinic defor- 
mation of the unit cell. The optical properties of the needles suggest a 
pseudotetragonal (monoclinic?) symmetry, which would verify Mathie- 
son and Wadsley’s results. As Bystrom and Bystrom suggest, however, 
since the reported deviation of the monoclinic angle from 90° is very 
small, the monoclinic and tetragonal forms may be considered as essen- 
tially the same from an w-ray structural standpoint. 

The x-ray diffraction powder patterns, using iron radiation, were ob- 
tained from the needles and the matrix material. In Table 2, the ob- 
served and calculated interplanar spacings and observed intensities of 
the x-ray diffraction powder pattern obtained from thoroughly crushed 
needles are compared to the powder and fiber data for cryptomelane re- 
ported by Ramsdell. It may be noted that (1) the powder data reported 
by Ramsdell account for approximately 50 per cent of the powder data 
reported by the present investigators, (2) the powder data of the crushed 
needles may be correlated with those of Ramsdell’s, if his powder and 
fiber data are combined, and (3) the additional very weak reflections, not 
observed by Ramsdell, may be indexed with the unit cell he reported 
(body-centered tetragonal a)=9.82 A, co=2.86 A, c/a=0.29). 

X-ray patterns of the matrix surrounding the cryptomelane needles in- 
dicated the presence of cryptomelane, hematite, and quartz. The inter- 
planar spacings and relative intensities of the cryptomelane in this sam- 
ple and the powder data reported by Ramsdell are shown in Table 3. 
The lack of correlation of the relative intensities, particularly in the low 
angle range, is attributed, partially, to a difference in technique. Rams- 
dell’s data were obtained from film measurements (CuKa and MoKa 
radiation), whereas, the present data were obtained with a diffrac- 
tometer (iron radiation). 


THERMAL TRANSFORMATIONS 


There have been studies made on thermal transformations of various 
oxides of manganese, some of which include data concerning the thermal 
transformations of cryptomelane. However, no thermal studies have been 
made with naturally occurring, fibered cryptomelane. Cole, Wadsley, and 
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TABLE 2. X-Ray DIFFRACTION POWDER DaTA FOR CRYPTOMELANE NEEDLES 


Relative Ramsdell 
dobs.) Intensity ee Ueate. dobs.) 
6.94 S 110 6.944 6.92 (F & P) 
4.92 S 200. 4.910 4.91 (F & P) 
3.48 W 220 3472 3.47 (F & P) 
Se 0) S 130 Ho OS SiR we 12) 
2-45 W 400 2.455 2.46 (F & P) 
2.39 M WPI 2.389 2.40 (P) 
DS) VW 330 DS) Doone) 
2.20 W 240, 2.196 (2.205) (F) 

(2.210) (P) 
2.15 M 301 2.148 2.16 (P) 
1.97 VW 321 1.968 — 
1.92 W 150 1.926 1.935 (F) 
1.83 M 141 1.827 1.835 (P) 
eS VW 440 156 1.74 (F) 
1.69 VW 350 1.684 1.69 (F) 
1.64 M 600 1.637 1.64 (F & P) 
1.61 VW 501 1.617 — 
1.54 M 260 O55 1.55 (F) 
251 1.536 1.54 (P) 
1.39 VVW (170) 
(550) 1.389 1.39 (F) 
1.43 W 002 1.424 1.43 (P) 
1.402 VW 611 1.405 — 
1350) VW 451 1.350 it oiey (02) 
1.297 VW 370 1.290 1.295 (F & P) 
1232 VW 402 Pe2sii 1.24 (P) 
1.215 vw 332 1.2128 1.22 (P) 
1.193 VW 422 1.1947 — 
tos) VW 660 il SS} (1.16) (F) 
561 1.1502 (1.15) (P) 
1.116 VW 811 1.1199 — 
.075 W 190 1.0844 1.09 (F) 


= 
| 


P=powder x-ray diffraction data. 
F'= fiber «-ray diffraction data. 


Walkley (8) report that a cryptomelane, made by ammonia digestion of 
anodic deposits from the electrolysis of zinc sulfate solutions containing 
manganese as an impurity, was partially transformed to bixbyite* after 
heating at 500° C. for 13 hours. McMurdie and Golovato (9) studied the 
changes of cryptomelane by using differential heating curves and powder 


* Bixbyite—chemical formula (l’eMn),O;—varies in composition from nearly pure 
Mn,O; to 59% Fe.03, cubic—ap= 9.365. 
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diffraction data. They reported that cryptomelane may convert directly 
to hausmannite* or may go through an intermediate stage of bixbyite, 
and considered this to be due to the effect of impurities. They also re- 
ported that a specimen of massive cryptomelane from Tombstone, 
Arizona transformed to an unidentified phase upon heating above 
1200° C. and that a sample of high-purity pyrolusite (MnOz) transforms 
to a Mng3Q, phase stable above 1170° C. This Mn3O, phase has a spinel- 
type structure and an a)=8.70 A. Delano (10) also studied the transfor- 
mations of natural cryptomelane and found that it converted first to bix- 
byite and then to hausmannite. 

Although changes occurring upon heating cryptomelane powders have 
been reported, it was of interest to investigate the transformations by 
rotating crystal and fiber methods. These techniques would not only be 
expected to reveal changes in structure and crystal orientation, but 
should also show variations in crystal size. Some of the cryptomelane 
needles were heated at different temperatures for various times and air- 
cooled. The single-crystal photographs were made with copper radiation 
(\= 1.542 A). The long direction or the c axis of the original cryptomelane 
needle was mounted perpendicular to the x-ray beam. 

Rotation photographs of the cryptomelane needles heated at either 
500 or 600° C. for 2 hours were identical to those of the cryptomelane 
needles in their original state (Fig. 3a).t Upon heat-treatment at 600° C. 
for 5 hours the patterns showed the first evidence of the formation of 
Mn,.0;3.f A weak reflection corresponding to the interplanar spacing, 
d=2.72 (hkl=222), of this phase was evident on the zero layer of the 
rotation pattern of the cryptomelane. The elongation of this particular 
reflection in a direction parallel to the c axis of the cryptomelane in a 
fiber photograph indicated that the MnO phase consisted of small crys- 
tallites slightly misoriented perpendicular to the needle axis. It was also” 
concluded from the fiber photograph that the randomness of orientations 
and crystallite sizes of the cryptomelane phase after this treatment were 
not different from those of the original cryptomelane needle. 

A needle heated at 600° C. for 17 hours showed an increase in the 
amount of Mn2O3. The Mn2O; was polycrystalline and highly orientated 

* Hausmannite—chemical formula— 

Mn;0,—Fe: Mn = 1:23 tetragonal ay = 5.75 
co = 9.42 

| Cryptomelane is represented by the chemical formula KMngOj¢ in Figures 3 and 7 to 
emphasize the predominance of the Kt and Mn*4 ions in this mineral. 

{ This transformation phase is regarded as Mn.O;, not bixbyite, since the original 


sample contains only 1.86% Fe:O;, and the x-ray data agree closely with those of the syn- 
thetic MnO; reported by Gruner (a9=9.24 A) (11). 
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TABLE 3, X-RAy DIFFRACTION POWDER Data FOR CRYPTOMELANE 
IN Matrrx MATERIAL 


Matrix Material Ramsdell’s Powder 
obs.) Toobs.) A obs.) Teebs.) 
6.94 7.6 6.92 W 
4.92 oO 4.91 W 
3.48 15 3.47 Vw 
3.10 9.3 Sed M 
2.46 0.2 2.46 Vw 
2.39 10.0 2.40 S 
DIX) 3.0 DSi W 
PANS) 6.8 Psi W 
1.83 7.0 1.835 M 
1.64 3.83 1.64 W 
1.54 2.9 1.54 M 
1.43 il 7 1.43 W 


in both the [100] and the [110] directions which coincided with the original 
[001] axis of the cryptomelane. No change in the randomness of orienta- 
tion or crystallite size of the cryptomelane phase in the needles was evi- 
dent from a fiber photograph. The fiber spots of the Mn2O; phase were 
more elongated after the 17-hour treatment than after the 5-hour treat- 
ment, thus indicating an increase in the amount of randomness of 
orientations perpendicular to the needle axis with increasing time at this 
temperature. 

After a heat-treatment at 700° C. for 2 hours, there was a definite in- 
crease in the amount of Mn2O3, and the MnO; crystals were oriented 
slightly more in the [100] direction than in the [110] direction (Fig. 
3b). Although this figure does not clearly show a difference in intensity 
corresponding to these orientations, it was quite evident on the original 
photograph. After 17 hours at 700° C., the amount of Mn2Os increased 
markedly, and the amount oriented in the [100] and [110] directions ap- 
peared to be equal (Fig. 3c). When the time at 700° C. was increased to 
68 hours, there was again a definite trend toward a preferred orientation 
in the [100] direction for the Mn2O; phase, and since a fiber photograph 
showed that the elongated spots of the MnO 3 were discontinuous, it ap- 
pears that some recrystallization had taken place. 

Mn.O3 was the only constituent detected in a cryptomelane needle 
heated at 800° C. for 17 hours. The rotation photograph showed the 
Mn.0; to consist of small crystals more randomly arranged than in pre- 
vious heat-treatments but with some preference for the [100] over the 
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[110] direction. Needles heated for 68 or 110 hours at 850° C. were similar 
to those heated at 800° C. for 17 hours. A heat-treatment at 875° C. for 
24 hours, however, lessened the orientation of the MnO; along the [110] 
axis appreciably (Fig. 4a). 

Mn;Q,4 appeared as a minor constituent in a cryptomelane needle 
heated at 900° C. for 13 hours. The predominant constituent was Mn2O3 
with the same preferred orientations as in the needles treated at 800° C. 
for 17 hours. There was a slight increase in the crystal size of the Mn2O3 
after this heat-treatment as compared to that in the needles heated at 
lower temperatures. The Mn;Q, occurred as a group of crystals randomly 
oriented with a common [100] axis. The [100] axis of the Mn;O, crystals 
was parallel to the [001] axis of the original cryptomelane needle. 

A rotation photograph of a needle heat-treated to 1000° C. at a rate of 
6° C./min., however, showed only Mn3O, with a predominant orientation 
along the a axis, [100] (Fig. 40). This heat-treatment was the only one 
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ic. 3. Rotation patterns of cryptomelane needles. (a) As received, Cryptomelane; 
(b) 700° C. for 2 hours, Cryptomelane and Mn.0;; (c) 700° C. for 17 hours, Cryptomelane 
and Mn.Q3. 
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lic. 4. Rotation patterns of heat-treated cryptomelane needles. (a) 875° C. for 24 hours, 
Mn, 03; (6) 1000° C. for 6 minutes, Mn;Qy. 


of those used that produced a rotation pattern of only Mn3Q4. The tem- 
perature-time relationship appeared to be more critical for the formation 
of the Mn3O, than the other thermal products. 

Upon heating a cryptomelane needle at 900° C. for 17 hours, a phase 
with a cubic diffraction pattern similar to that of a spinel was obtained. 
The [110] axis of the spinel is parallel to the [001] axis of the original cryp- 
tomelane needle. The diffraction spots of the spinel are very diffused, in- 
dicating a high degree of structural imperfection. The major constituent 
is again Mn2O; in a polycrystalline state, orientated primarily along its 
[100] direction. 

The only constituent detected after heating the needles at 950° C. for 
48 hours is the spinel in a polycrystalline state with a preferred orienta- 
tion along its [110] axis. With an increase in time at 950° C. to 68 hours, 
the degree of orientation of the spinel along its [110] axis increases. A 
heat-treatment at 1000° C. for 92 hours produces a more random orienta- 
tion of the crystallites of the spinel. The change in degree of orientation 
of the spinel with increasing time and temperature is shown in Fig. 5. In 
Table 4 are presented the powder diffraction data (iron radiation) and 
calculated interplanar spacings of the spinel. 

The cell dimensions of the cryptomelane, Mn2.O3, Mn3QOy,, and spinel 
remained constant throughout the described thermal treatments. The 
observed cell diminsions and orientations are represented schematically 
in- Fig. 6. 

THERMOGRAVIMETRIC STUDY 


Thermogravimetric determinations were made in air with a rate of 
temperature increase of 6° C. per minute. The graphs obtained by plot- 
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Itc. 5. Rotation patterns of cryptomelane needles heat-treated to produce ‘‘Spinel”’ phase. 


ting weight loss versus temperature for the matrix material and the 
needles were similar. However, the weight loss values for the needles were 
less accurate because of the limited amount of sample. 

A graph of the thermogravimetric results obtained from the matrix 
material is shown in Fig. 7. The weight loss due to adsorbed water (below 
110° C.) is negligible and between 110 and 500° C. the loss of 2.5% is 
attributed to zeolitic water. (Chemical analysis shows a total water con- 
tent of 3.25%.) The total weight loss recorded was 11.3%, and 8.8% of 
this occurred between temperatures of 500 and 1050° C. The theoretical 
weight loss due to oxygen in this sample for the transformation of MnO»: 
and MnO in cryptomelane to MngQ, is 8.6%. 

Cryptomelane needles were heated to 650, 850, 1000 and 1200° C. at 
the same rate of temperature increase (6° C./min.) used for the thermo- 
gravimetric determination. Powder photographs were made of these 
heat-treated samples. The results of this investigation are included in 
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TABLE 4. INTERPLANAR SPACINGS AND RELATIVE INTENSITIES FOR SPINEL FORMED 


BY HEAT-TREATMENT OF CRYPTOMELANE NEEDLES 


hkl Qeale.) Aobs ) cpso) 
111 4.86 4.86 5 
220 2.98 2.98 5 
311 2.54 2.54 10 
222 2.42 2.43 1 
400 2 ANG 2.10 5 
422 1.719 ih (ils 2 
511) : 
333) 1.623 1.620 5 
440 1.488 1.488 6 
Syste: 1.284 1.284 2B 
444 27) 1 OAS 1 
642 1.126 1.126 1 
731 

096 mie 4 
a 1.099 1.096 


Fig. 7. The powder photograph of the cryptomelane needles heated to 
1000° C. (6° C./min.) revealed a trace of cryptomelane remaining. As 
previously noted, the rotation photograph of a needle heated under the 
same conditions showed only Mn;Q, (Fig. 40). This indicates that a small 
amount of untransformed cryptomelane may be present in the core of the 
needles. The Mn2O; phase was not detected after this heat-treatment, 
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transformation products of cryptomelane. 
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lic. 7. Thermogravimetric results from matrix material. 


probably because of the rapidity with which it transforms to Mn3Q, at 
this temperature. 

A minimum rate of weight loss with temperature occurs between ap- 
proximately 750 and 850° C. and a maximum rate between about 850 and 
950° C. The minimum rate may be due to a slow rate of diffusion of 
oxygen through a relatively thick layer of Mn2O3. 

The thermogravimetric data in correlation with the phases present 
indicate that cryptomelane, at a heating rate of 6° C. per min., does not 
transform completely to Mn.O; before formation of Mn3QO, begins, and 
that Mn3O, forms from the intermediate Mn2O; phase. At this heating 
rate, the critical temperature for formation of Mn»2O 3 from the needles is 
approximately 600° C., for the Mn3O, approximately 825° C., and for the 
spinel approximately 1050° C. 


SUMMARY 


Cryptomelane needles and their surrounding matrix material were 
examined. Chemical analyses established that the needles and the prin- 
cipal constituent in the matrix material were cryptomelane. Fiber photo- 
graphs revealed the needles were bundles of crystals randomly oriented 
around a common ¢ axis. X-ray diffraction data from powder patterns of 
the needles are tabulated and indexed in terms of a body-centered tetrag- 
onal cell, although optical data indicate a pseudotetragonal cell. 

The cryptomelane needles were heat-treated at various temperatures 
for different times and examined by rotation and fiber methods. A man- 
ganese oxide phase with a spinel-type structure, @)= 8.42 A, occurs after 
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heating the needles at temperatures greater than 900° C. for prolonged 
times. The following representation shows the thermal transformations 
and relative orientations parallel to the [001] axis of cryptomelane. 


A [i104 A A 
[100] > [100] [100] > {110] 
cryptomelane Mn»O; Mn;30,4 Spinel 


(R04 type) 


Thermogravimetric data, correlated with identified phases, indicate 
that the Mn30, phase forms from the MnO; phase. At a heating rate of 
6° C. per minute, the critical temperature for formation of Mn.O; from 
the cryptomelane needles is approximately 600° C., for Mn;Ox., approxi- 


= 


mately 825° C., and for the spinel, approximately 1050° C. 
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CLASSIFICATION OF SILICATES AND OTHER MINERALS 
WITH TETRAHEDRAL STRUCTURES 


Tipor Zorrat, Crystallographic Laboratories, Massachusetts 
Institute of Technology, Cambridge, Massachusetts.* 


ABSTRACT 


The conventional geometric classification of the silicates is no longer sufficient to classify 
the ever-increasing number of determined ionic tetrahedral structures. More detail is de- 
sirable in the classification, and consequently, new classification criteria are necessary to 
provide a larger number of subdivisions. The study of the relative energies of isolated rings 
of tetrahedra suggests that the size of the tetrahedral loops may be used as one additional 
criterion. It is suggested that another criterion may be based on the different nature of the 
corner sharing of tetrahedra. A numerical expression, called the sharing coefficient, is 
derived to cover this criterion. In the proposed classification these two criteria are added 
to the customary silicate classification, and, consequently, the classification proposed is 
basically in accordance with the conventional scheme. 

A large number of silicates can be classified differently depending on whether we con- 
sider all tetrahedra of the structure, or only the silicon and aluminum tetrahedra. This 
problem is not treated consistently in the literature. In some cases aluminum tetrahedra 
are disregarded or other tetrahedra, like boron, are accepted. It is suggested that all tetra- 
hedrally coordinated cations should be consideredas part of the tetrahedral frame ofa silicate. 
This suggestion is supported by the similarity of the observed ionic radii and electro- 
negativity of other four-coordinated cations with that of silicon and aluminum, and by the 
analytical data indicating the random distribution of silicon and other cations in different 
tetrahedra of certain silicates. 


INTRODUCTION 


The classification of things of scientific interest is not merely a filing 
system, but is also a basis for evaluation and comparison. As such, it 
constitutes a step in the progress of science and may lead to the better 
understanding of nature, and to the establishment of new directions of 
research. The classification conceived by Machatschki (1928) and devel- 
oped by Bragg (1930) was an excellent system for classifying a large 
number of silicates. It also explained many of the important physical 
properties of silicates. Consequently, the classification was of consider- 
able importance in the understanding of the silicates and other crystals 
with similar tetrahedral structures. Since 1928 the number of tetrahedral 
structures determined has grown so tremendously that the Machatschki- 
Bragg classification is no longer adequate, especially for structures with a 
three-dimensional network of tetrahedra. There is a definite need for an 
improved classification, first, to provide more subdivisions in the system 
of classification and, second, to point out minor, but important, similar- 
ities between different tetrahedral structures. 


* Present address: Department of Geology and Mineralogy, University of Minnesota, 
Minneapolis 14, Minnesota. 
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After the structure of coesite was determined (Zoltai and Buerger 
1959) and compared with structures of other forms of silica, the signifi- 
cance of tetrahedral loops in the tetrahedral structures became apparent. 
In the conventional classification the geometric forms of the tetrahedral 
structures are related to the cleavage, hardness and the optical properties 
of the crystals; similarly the size of the tetrahedral loops are related to 
the energies of the tetrahedral structures (Zoltai and Buerger 1960). The 
importance of the size of the tetrahedral loops in a structure and its pro- 
spective application as a natural classification criterion stimulated an in- 
vestigation of tetrahedral structures and the construction of an improved 
classification. 

Other geometric features of tetrahedral structures were observed dur- 
ing the course of this study. Most of them are applied in the proposed 
classification system. The classification criteria are discussed in detail in 
their order of application. 


THE GEOMETRICAL FORMS 


The conventional classification is based on geometrical forms created 
by the linkage of tetrahedra. These forms are referred to as “‘types’”’ in 
the literature. They are: isolated tetrahedra, groups, chains, rings, 
sheets and three-dimensional networks of tetrahedra. These features are 
important, and are widely accepted. Consequently they are adopted in 
this classification. Minor revisions, however, are made in order to group 
these types systematically, and to cover all the possible ionic tetrahedral 
structures. Some of the types have distinct directions in which the tetra- 
hedral structures extend to infinity. In others the tetrahedral structures 
are terminated in all directions. Consequently, if the tetrahedral struc- 
tures are extended to infinity in zero-, one-, two- and three-dimensions, 
four major types of tetrahedral structures are possible. These four types 
are: 

(1) Isolated groups of tetrahedra. 

(2) One-dimensionally non-terminated structures of tetrahedra. 


(3) Two-dimensionally non-terminated structures of tetrahedra. 
(4) Three-dimensionally non-terminated structures of tetrahedra. 


It is theoretically possible for a crystal to be composed of two or more 
different types of tetrahedral structures. To cover such possibilities a 
fifth type is established: 

(5) Mixed-types of tetrahedral structures. 

All these types can be divided into subtypes. In the first three types 


the subtypes can be defined according to the complexity of the tetra- 
hedral structure of the type. That is, in the first type the number of 
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tetrahedra can serve as a basis for the subdivisions and in the others the 
number of single chains, single rings and single sheets welded together. In 
the fourth type the subtypes can be defined according to an important 
characteristic of these structures, that is, according to the sharing of 
tetrahedral corners only, or the sharing of one or more tetrahedral edges 
or faces also. 

The types and subtypes are listed in the first two columns of Table 1. 


CORNER SHARING IN TETRAHEDRAL STRUCTURES 


A brief study of the tetrahedral structures revealed that different 
number of tetrahedral corners can be shared and still make up the same 
type, and even the same subtype structure. For example, two single 


TABLE 1. SHARING COEFFICIENTS AND CATION-ANION RATIOS OF THE TYPES 
AND SUBTYPES OF TETRAHEDRAL STRUCTURES 


Types Subtypes Sharing coefficients |Cation-anion ratios 
1. Isolated groups of | a. single tetrahedron 1.00 1:4 
tetrahedra b. pair of tetrahedra 1S iS 
c. large groups 1:25-1.50-(1.75)* | 1:34-1:3-(1.23) 
d. mixed groups 1.25-1.50-(1.75) 1:34-1:3-(1:23) 
2. One-dimensionally | a. single chains 1.50 igs} 
non-terminated b. single rings 150) US) 
structures of c. double chains 1.50-1.75 1:3-1:24 
tetrahedra d. double rings 1 50-1.75 1:3-1:23 
e. multiple chains 1.50)-1.75-2.00 (1:3)-1:24-1:2 
f. multiple rings 1.50)=1.75—2.00 (1:3)—1:23-1:2 
g. mixed chains and 1.50)-—1.75-2.00 (1:3)-1:23-1:2 
rings 
3. Two-dimensionally | a. single sheets 1.50-1.75 1:3-1:23 
non-terminated b. double sheets 1.50)—1.75-2.00 (1:3)-1:24-1:2 
structures of c. multiple sheets (1.50)=—1.75-2.00 (123)-1:23-1:2 
tetrahedra d. mixed sheets 1.50)—1.75-2..00 (1:3)—1:23-1:2 
4. Three-dimensionally | a. networks with 1.75-4.00 1:23-1:31 
non-terminated corners shared 
structures of 
tetrahedra b. networks with one 4.00-8 .00 1:1-1:4 
or more edges 
shared 
c. networks with one 8 .00- 1:3- 
or more faces 
shared 
5. Mixed types 


* Sharing coefficients in parentheses indicate theoretically possible but practically 


improbable ranges. 
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chains can be welded into a double chain if each tetrahedron of the first 
chain is connected to a tetrahedron of the second chain. Two single chains 
can also be welded into a double chain if only every second tetrahedron of 
the first chain is connected to every second tetrahedron of the second 
chain. In the former case six tetrahedral corners are shared per two 
tetrahedra and in the latter only five. The general geometric form, how- 
ever, still remains a double chain. A similar situation exists in the sheet 
structures. A sheet can be constructed if each tetrahedron shares three 
corners with other tetrahedra. A sheet also can be constructed if certain 
tetrahedra share only two corners. Once again, the number of tetrahedral 
corners shared is the only difference between the two sheets. In the three- 
dimensional network usually all four corners are shared. In some struc- 
tures a few corners are left unshared, and consequently the average num- 
ber of tetrahedral corners shared becomes less than four. 

In these examples it was tacitly assumed that only two tetrahedra can 
share a tetrahedral corner. This is not a necessary restriction. Several 
three-dimensional networks of tetrahedra are actually known in which 
three or even more tetrahedra share a tetrahedral corner. In order to dis- 
tinguish between such structures, the number of tetrahedral corners 
shared is no longer sufficient. It has to be supplemented with the number 
of tetrahedra participating in the sharing of a corner. 

It is possible to derive a single numerical value which can express both 
the number of tetrahedral corners shared and the number of tetrahedra 
participating in the sharing, if we make two assumptions: 

A. The difference between the smallest and the largest number of tetrahedra partici- 

pating in the sharing of a tetrahedral corner in a structure can not be more than one. 

B. No edges of tetrahedra can be shared unless the corners are shared between more 


than four tetrahedra, and no faces can be shared unless the corners are shared be- 
tween more than eight tetrahedra. 


Assumption A means, for example, that as long as there are free cor- 
ners present in a structure, no corners can be shared between more than 
two tetrahedra; or if some corners are shared between two tetrahedra 
only, no corners can be shared between more than three tetrahedra. As- 
sumption B means that edges and faces can be shared only in very dense 
tetrahedral structures. In certain structures the density of the tetrahedra 
may require geometrically the sharing of edges, and in even denser struc- 
tures the sharing of faces. 

Under these conditions the average number of tetrahedra participating 
in the sharing of a tetrahedral corner in a structure also defines the num- 
ber of corners shared. The average number of tetrahedra participating in 
the sharing of a corner in a structure is called the sharing coefficient of the 
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structure. It can be either an integer or a fraction. An integral number de- 
fines a state in which each corner of each tetrahedron is shared between 
tetrahedra, where v is the integer in question A fractional number, on 
the other hand, defines a state in which some corners are shared between 
n tetrahedra and others between »+1 tetrahedra, where x is the integral 
part of the sharing coefficient. The fractional part, further, defines the 
ratio of the number of corners shared between m and n-+-1 tetrahedra. A 
sharing coefficient of 7+4 means, for example, that all the corners are 
shared between at least m tetrahedra and in addition every fourth corner 
is shared between n+1 tetrahedra; or a sharing coefficient of n+ (1/20) 
means that all the corners are shared between at least ” tetrahedra and 
in addition every twentieth corner is shared between n+1 tetrahedra. 

There is a simple relationship between the sharing coefficient and the 
cation-anion ratio in the tetrahedral radical of the chemical formula. The 
relationship is obvious when a tetrahedral corner is shared between two 
or more tetrahedra. Then the same anion simultaneously belongs to two 
or more cations. The cation-anion ratio in a single tetrahedron is 1:4 and 
in a pair of tetrahedra it is 1:33, and the corresponding sharing coeffi- 
cients are 1:00 and 1.25 respectively. Consequently the sharing coeff- 
cient not only describes a geometric feature, but also defines part of the 
chemical formula. A list of possible sharing coefficient ranges for the 
types and subtypes of the tetrahedral structures, and the corresponding 
cation-anion ratios, are tabulated in the third and fourth columns of 
Table 1. 

Assumptions A and B were found, empirically, to hold for dominantly 
ionic crystals. These assumptions are generalizations of Pauling’s third 
rule which states, briefly, that the sharing of edges and particularly of 
faces of ionic polyhedra decreases the stability of the structure. This is 
because such sharing necessitates the close approach of two cations and 
thus increases the potential energy of the system. Assumptions A and B 
can be supported by similar arguments. When more tetrahedra share a 
tetrahedral corner, more tetrahedra come in contact, and the high 
valence cations approach each other, thereby increasing the potential 
energy of the system. Since a system tends toward the lowest energy 
state possible, the corners should be shared by the least possible number 
of tetrahedra. Thus no corner is shared by three tetrahedra unless there 
is no lower energy state available. Similarly no tetrahedral corners will 
be shared between three tetrahedra in a double chain when a multiple 
chain or other geometric form represents lower energy with the corners 
shared between two tetrahedra only. The same argument restricts the 
sharing of edges and of faces to structures where it is necessitated by 
geometry, in extremely dense three-dimensional networks. 
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RerpEAT Units AND Loops or TETRAHEDRA 

With the exception of the isolated groups of tetrahedra, the single 
chains, and the three-dimensional networks with one or more faces 
shared, all the tetrahedral structures contain loops of tetrahedra. These 
loops are outstanding features. They are also important in the considera- 
tion of the energies of structures. Consequently the tetrahedral loops are 
simple and non-artificial criteria. Modern investigators of the tetra- 
hedral and other polyhedral structures noticed the significance of these 
loops, and, in one form or other, they applied the loop concept to the sub- 
classification of certain types of tetrahedral and polyhedral structures. 
Wells subdivided the polyhedral networks according to the size of the 
loops formed by polyhedra. Tetrahedral networks are also included in 
his classification (Wells 1954, Part 2). However, he considered only the 
highly regular tetrahedral networks with a sharing coefficient of 1.75 and 
2.00. 

Liebau (1956) classified the tetrahedral silicate structures on the basis 
of the number of tetrahedra in the periodic unit of the tetrahedral struc- 
ture. Liebau’s classification subclassifies the simpler tetrahedral struc- 
tures very conveniently, but fails to give a sufficient number of sub- 
divisions for the three-dimensional networks. 

The combination and extension of Wells’ and Liebau’s principles could 
conveniently be applied to the subclassification of all types of tetrahedral 
structures. The structures containing no loops of tetrahedra can be sub- 
divided according to the number of tetrahedra in the periodic unit of the 
tetrahedral structure, and structures containing loops of tetrahedra can 
be subclassified according to the number of tetrahedra in the loops. The 
former term is called the repeat unit of tetrahedra, and the latter the loop 
of tetrahedra. 

The repeat unit of tetrahedra in the isolated groups of tetrahedra 
would be simply the number of tetrahedra in the groups. If there are 
different kinds of groups in the structure, several units will be listed and 
one number will represent each kind of group. 

In an endless single chain the repeat unit of tetrahedra is the number of 
tetrahedra in the motif of the chain which is repeated by translation to 
form the chain. If, for example, all the tetrahedra of the chain are 
similarly oriented and are translation equivalents, the repeat unit is one 
tetrahedron. But if every second tetrahedron is oriented differently from 
the first one, then only every third tetrahedra are translation equivalents, 
and the repeat unit of the chain is two tetrahedra (Liebau 1956, p. (EN. 

In most of the other types of tetrahedral structures there are loops of 
tetrahedra, and every tetrahedron of the structure is part of one or more 
loops. These structures can be subclassified either (1) by the size of the 
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TABLE 2 CLASSIFICATION OF TETRAHEDRAL STRUCTURES 
: Sharing | Repeat-units Stuns 
Types Subtypes coeffi- and loops of facie Members 
cients tetrahedra 
1. Isoiated groups | a. Single tetrahedron 1.00 1 Olivine, garnet, sphene, 
of tetrahedra apatite, gypsum etc. 
b. Pair of tetrahedra Hos 2 llvaite, tilleyite, ZrPO. 
‘ lawsonite 
c. Large groups 1.40 5 Zunyite 
d. Mixed groups ileal 1-2 Idocrase 
1.167 1-2 Epidote Clinozoisite, allanite 
2. One-dimension- | a. Single chains To0 2 Pyroxenes Enstatite, diopside, au- 
ally non-termi- gite etc. 
nated struc- 1.50 3 Wollastonite 
tures of tetra- 1.50 5 Rhodonite 
hedra b. Single rings 1.50 3 Benitoite Catapleite, wadeite 
1.50 4 Axinite 
1.50 6 ‘Tourmaline Dioptase, caledonite 
c. Double chains 1.583 8 Xonotlite 
1.625 6 Amphiboles Tremolite, hornblende 
etc. 
175 4 Sillimanite 
d. Double rings 
e. Multiple chains 
f. Multiple rings 
g. Mixed chains and 
rings 
3. Two-dimen- a. Single sheets Nev 4-8 Apophyllite Datolite 
sionally non- eS) 4-8 Gillepsite 
terminated Veh) 6 Mica Clay, chlorite ete. 
structures of A) 6 Sepiolite Beryllonite, V2Os 
tetrahedra 1.833 5 Melilite Hardystonite, gehlenite, 
akermanite 
b. Double sheets 2.00 4-6 Hex. Celsian a Celsian 
c. Multiple sheets 
d. Mixed sheets 
4. Three-dimen- | a. Networks with 1.75 10 P2Os 
sionally non- corners shared 1.821 8-10 12CaO-7AhOs 
terminated 2.00 3-6 GeS2 
structures of 2.00 4-5-8 Scapolites Marialite etc. 
tetrahedra 2.00 4-6 Sodalite Ultramarine, helvite, 
danalite, hauynite 
2.00 4-6-8 Paracelsian Danburite, hurlbutite 
2.00 4-6-8 Analcite Leucite, pollucite 
2.00 4-6-8-9 Coesite 
2.00 4-6-8-10 Feldspars Sanidine, orthoclase, 
plagioclase etc. 
2.00 4-6-8-12 Chabazite 
2.00 4-6-8-12 Gmelinite 
2.00 4-6-9 Beryl Cordierite 
2.00 4-6-9 Milarite Osumilite 
2.00 4-6-12 Faujasite 
2.00 4-6-12 Cancrinite 
2.00 4-8 Natrolite Edingtonite, thomsonite 
2.00 5-6 Petalite 
2.00 5-6-8 Heulandite Philippsite (?) 
2.00 5-7-8 Keatite 
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TABLE 2 (continued) 


Sharing | Repeat-units Sect 
Types Subtypes coefh- | and loops of ee ane Members 

: families 
cients tetrahedra 


2.00 6 Cristobalite Carnegieite, cuprite, 
NazCaSiOs, KeAlOs 

: NazAlxO0,BPOs, 

. BAsOs etc. 

( 2.00 6 Tridymite Nepheline, BaAl2O:, 

Bake20u, KAISiOs, 

KoMgSisOs etc. 

2.00 6-8 Quartz Berlinite, ni-eucryptite, 

AIPO;, AlAsO; etc. 


2S 3-4-6 Bertrandite 
2575 3-4-6-8 Hemimorphite 
Pees) 3-4 B203 
3.00 3-4 AgeHgl, 
3.00 3-4-5 Phenacite Willemite 
4.00 3 Sphalerite BeO, MgTe etc. 
4.00 3 Wurtzite BeS, BeTe etc. 
b. Networks with one 4.00 3 Cubanite 
or more edges 4.00 4 Cooperite 
shared 6.00 3 Zn3P2 BixOs 
8.00 Octahedron | Fluorite ZrOe, ThO: etc., also an- 


tifluorite structures: 
Na2O, K20, LivO etc. 
c. Networks with one 

or more faces shared 


5. Mixed types 


smallest loop of the structure, or (2) by the list of the different sizes of 
loops occurring in the structure, or (3) by the list of all the symmetrically 
non-equivalent loops, in order of the increasing size of the loops. The 
first alternative has only five or six subdivisions, which is not sufficient to 
distinguish between a large number of possible structures, especially in 
the three-dimensional networks. The second alternative increases the 
number of subdivisions considerably. The third alternative, however, in- 
creases it to such an extent that almost every known structure has a 
different list of loop sizes. 

Although the third alternative offers a greater number of subdivisions 
than the second, the second has been chosen for this classification for the 
following reasons: because the determination of the symmetrically non- 
equivalent loops is difficult and, in complicated structures, might become 
confusing; secondly because the number of Subdivisions offered by the 
much simpler second alternative seems to be sufficient since only very 
similar structures have the same loop sizes. 

The loop sizes can be determined either by simple observation or by a 
more systematic approach offered by the symmetry of the structure: all 
the possible loops of the structure must include the tetrahedra of the 
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tetrahedral motif of the structure. The number of tetrahedra in the 
motif is usually less than five. Unfortunately in complicated structures 
there might be a very long list of loop sizes, especially for the larger 
loops. In order to avoid an unnecessarily long list, the loop sizes can be 
limited arbitrarily. At the present time it seems to be satisfactory to 
limit the number of loop sizes of a structure to four, and the size of the 
largest loop to twelve. 

As the sharing coefficient increases above 4.00, tetrahedral edges are 
shared, and, in addition to the loops, incomplete polyhedral openings are 
present. When the sharing coefficient approaches 8.00 certain openings 
become complete polyhedra, but when the sharing coefficient reaches 
8.00, all the edges are shared and all the openings are polyhedral. For 
example, the openings in the fluorite structure are octahedral. In struc- 
tures with a sharing coefficient higher than 8.00, the polyhedral openings 
start to disappear, making room for solid bodies of tetrahedra. With a 
sharing coefficient at and above 8.00 there are no more loops of tetra- 
hedra. Instead of units and loops these structures can be subdivided ac- 
cording to the shape of their polyhedral openings. 


STRUCTURE FAMILIES 


After the tetrahedral structures are classified according to types, sub- 
types, sharing coefficients, and repeat units or loops of tetrahedra, there 
remain only very similar structures in each category of the classification. 
They are in most cases isomorphic, isotypic, or derivative structures. It is 
theoretically possible, however, that two structures can be so similar that 
they have the same tetrahedral loops, yet their tetrahedral linkages are 
different; these should not be left in the same final group. Two such struc- 
tures are apophyllite and gillepsite. They are similar in every respect, ex- 
cept in the linkage of tetrahedra. In both structures the tetrahedra are 
oriented so that they form triangular pyramids with their bases in the 
plane of the sheet of the layered structure. In apophyllite the three basal 
corners of the pyramids are shared, but in gillepsite the two basal corners 
and the apices of the pyramids are shared. Such structures should be 
separated as two different structure families, so that in the final column 
of the classification there are only closely related structures. 


CLASSIFICATION OF SILICATES 


There is a complication in the structures of the silicates which makes 
their classification difficult. This is the presence of tetrahedrally coordi- 
nated Al, B, Be and other cations. This complication is usually neglected 
by most authors and gives rise to an inconsistency in the treatment of 
various silicates. The problem can be illustrated briefly by three points: 


} 
} 
i 
i 
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(1) It is generally accepted that Al can replace Si, and when it does, the Al tetrahedra 
still remain part of the tetrahedral framework of the silicates. In some cases, however, the 
Al tetrahedra are not so regarded. For example, cordierite is usually classified as a six- 
membered single-ring structure, where the tetrahedra of the ring are Si tetrahedra. But 
Al tetrahedra connect these rings into a continuous three-dimensional network. 

(2) In other cases other cations occur in tetrahedra and they are sometimes accepted as 
part of the frame and sometimes not. For example, B in danburite is accepted as part of the 
frame, and danburite is classified as a silicate with the three-dimensional network of tetra- 
hedra. Ca occurs in tetrahedral coordination in Na2CaSiO, and is accepted as part of the 
framework, so that the crystal is a derivative of the cristobalite structure. But tetrahedrally 
coordinated Be is not accepted in beryl, phenacite or bertrandite, nor Zn in willemite, 
hemimorphite or hardystonite. 

(3) Almost every author treats this problem differently (Bragg 1930, 1937, Berman 
1937, Gruner 1931, Strunz 1937, Swartz 1937). Most authors exclude cations other than 
Si and Al from the tetrahedral frame of the silicates. In some instances even Si atoms are 
excluded from the frame as in Na-melilite (Swartz 1937). On the other hand some authors 
(Strunz 1937, 1957, Eitel 1941) accept two alternate classifications for the silicates con- 
taining several cations in tetrahedral coordination. 


Without a consistent treatment of the various four-coordinated cat- 
ions, a Classification of silicates based on their tetrahedral structures is 
somewhat artificial. In order to save the otherwise satisfactory Ma- 
chatschki-Bragg classification, the problem of the cations must be treated 
consistently. The acceptance of all the tetrahedrally coordinated cations 
in the tetrahedral frames of the silicates would not only be the simplest 
solution, but probably the only satisfactory solution. This is the only 
way, for example, for the consistent classification of the melilites. The 
linkage of the tetrahedra in the various melilites is identical although the 
tetrahedra are occupied by different cations. In Na-melilite there are 
only Si cations in the tetrahedra, in gehlenite only Si and Al cations, but 
in hardystonite, there are also Zn and in melilite Mg and Fe cations. 

Geometrically there are several cations which can substitute for silicon 
in a tetrahedron without changing significantly the size of the tetrahe- 
dron. Table 3 is a list of some cations which can be found tetrahedrally co- 
ordinated in silicate structures, and some which might conceivably be 
present in tetrahedral coordination. They are listed in order of increasing 
cation-oxygen radius ratio. The minimum radius ratio geometrically re- 
quired for a tetrahedron is .225, so that any of the cations from B to Ca, 
listed in Table 3, can fit into an oxygen tetrahedron. Due to its large size, 
however, Ca distorts the tetrahedron considerably. Most of these cations 
also have similar electronegativity, so that their substitution for Si would 
not be expected to change significantly the nature of the chemical bond 
(Pauline 1939, p. 58). The list of the observed cation-oxygen distances in- 
dicates that the variation in the size of the tetrahedron is even less than 
indicated by the theoretical radius ratios. Except in the case of B and Ca 
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TABLE 3. Some IMPORTANT TETRAHEDRALLY COORDINATED CATIONS IN SILICATES 


Observed M—O 


Cation ren distance ae Examples 
‘ +.05 A 5 

Bst DS 1.50 2.0 Danburite, datolite, 
homolite 

Beas 28 1.60 1S Beryl, phenacite 

Asét 50) a 2.0 = 

[Ree 34 Dil Stillwellite 

Sigs 38 1.60 1.8 Silicas, silicates 

JLalte .39 = 1.0 = 

Als AL 1.78 1.8) Aluminosilicates 

Gers 43 80 Leg Many silicates 

Gast 46 = Loo) Many silicates 

Meg?t AT 1.80 il Melilite, akermanite 

[iG By- .48—. 50 1.80 1, 5=270 Staurolite, cordierite 

Dns 50 SZ 1.8 Hemimorphite, hardy- 
stonite 

nie 55 1.82 1.6 Schlorlomite, 
astrophyllite 


(Cae 67 1.90 1.0 Na2CaSiO, 


Data from Pauling (1940), Hori (1954), Smith (1954). 


tetrahedra, the different cation-oxygen distances are almost equal to the 
cation-oxygen distances observed in the Si and Al tetrahedra. 

In many silicate structures containing several tetrahedrally coordi- 
nated cations the different cations appear to occupy symmetrically differ- 
ent tetrahedra. In beryl the Sications appear to occupy the tetrahedra of 
the hexagonal rings, and the Be cations the tetrahedra which connect 
these rings into continuous networks of tetrahedra. This separation of 
the two cations is probably not complete except in a state of high order. 
The milarite structure is similar to the beryl structure, except that 
milarite has double hexagonal rings. At room temperature there are 
(Si.goBe1o) cations in the tetrahedra of the hexagonal rings and 
(Si.40, Be.27Al.33) cations in the connecting tetrahedra (Ito and Sadanaga 
1952). Consequently Be can be present in both tetrahedra, and the rejec- 
tion of the connecting tetrahedra in the consideration of the tetrahedral 
frame of milarite or beryl is artificial. The only consistent treatment is 
the acceptance of all tetrahedra, and the classification of milarite and 
beryl as structures containing three-dimensional networks of tetrahedra. 

There is only one important criterion which can lead to discarding a 
tetrahedron from consideration as part of the tetrahedral frame, namely 
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the nature of its bonding. The tetrahedral structure of a silicate can be 
regarded as the frame of the crystal. This frame is a strong unit within 
the structure, since in each tetrahedron half or more of the cation’s bond 
strength is expended in holding the tetrahedral frame together and less 
than half is expended in connecting the cation to the rest of the struc- 
ture. Any tetrahedron can be part of the frame, provided that half or 
more of the cation’s bond strength is distributed within the tetrahedral 
frame. If less than half of the bond strength of the cation is distributed 
within the frame, the tetrahedron belongs to the rest of the structure, 
rather than to the frame. A good example is offered by axinite. Here the 
four-membered rings of Si tetrahedra are connected by Al tetrahedra, 
but the Al’s contribute less than half their bond strength to connect the 
Si tetrahedra and more than half to connect the Fe octahedra and B tri- 
angles. 

Of course, it is expected that in a silicate a large number of tetrahedra 
~ are Si tetrahedra in order to classify the crystal chemically as a silicate. 
If the replacement of Si by another cation goes as far as the complete re- 
placement of all the Si, the compound should not be called a silicate 
chemically, although structurally it still might be included in the silicates. 
An example is yttro-garnet, in which practically all the Si is replaced by 
Al (Yoder and Keith 1950). 

By accepting the tetrahedrally coordinated cations in the tetrahedral 
frame of the silicates, some changes have to be made in the conventional 
classification of beryl, cordierite, hemimorphite, phenacite, willemite, 
bertrandite and melilites. Beryl and cordierite are three-dimensional net- 
works instead of single rings, and hemimorphite, phenacite and willemite 
are three-dimensional networks instead of pairs of tetrahedra. Bertrand- 
ite is also a three-dimensional network instead of a complex of chains 
and groups of tetrahedra. In the melilites the pairs of tetrahedra become 
sheets of tetrahedra. 

In hemimorphite, phenacite, willemite and bertrandite, all of the cat- 
ions are tetrahedrally coordinated. These tetrahedra build up a neutral 
network, somewhat similar to that of the pure silicas. The cation-anion 
ratio in these minerals is higher than in SiOz, and consequently the shar- 
ing of one oxygen by two cations would no longer give a neutral structure. 
In order to obtain neutrality, the oxygens are shared by up to three cat- 
ions, and some of the O-~ is replaced by (OH)-. 
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APPENDIX 


The sharing coefficient of a tetrahedral structure can be obtained from the subscripts 
of the tetrahedrally coordinated cation (7) and anion (A) in the chemical formula. An equa- 
tion has been derived for this calculation. 

There is a total number of 47 tetrahedral corners in a chemical-formula unit, « of 
these are joined to anions shared by n-+1 tetrahedra and 47—« to anions shared by n 
tetrahedra. Then the average number of tetrahedra participating in the sharing of a 
corner is: 


x(m + 1) + (4T — x)n 
4T 


sharing coefficient 


ll 


ae n (1) 


A is the number of anions per chemical formula and is the sum of the number of corners 
shared between n+1 and m tetrahedra: 


: x 4T — x 
ANS pap J a n 
an +47 (n +1) — xn — x 
a n>+n 
x =47T(n+1) — A(n? + n) (2) 


Equations (1) and (2) can be combined to obtain the sharing coefficient in terms of 
T, A andn: 
4T(n + 1) — A(n? +n) 


sharing coefficient = +n 
: AT 


A 
q a as 2 
n+ 1 ip +n)tn 


ll 


A 
2n + 1 a a (3) 


The only unknown in equation (3) is n. Fortunately, » can be obtained from the ratio 
of the number of available tetrahedral corners to the number of shared corners: 47/A. 
This ratio does not express the proportion of corners shared by n+1 and by x tetrahedra, 
but it is equal to the sharing coefficient when its value is an integer. Between integers the 
integral part of 47/A is equal to the integral part of the sharing coefficient, that is, to 2 
in equation (3). Consequently: | 


4 
n = the integer of cai (4) 
In conclusion, the sharing coefficient of a tetrahedral structure can be obtained from | 
the structural chemical formula by using equations (4) and (3). 
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PROTO-AMPHIBOLE, A NEW POLYTYPE 


G. V. Gisss, F. D. Bross, AND H. R. SHELL,* Electrotechnical 
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of the Interior, Norris, Tenn. 


ABSTRACT 


An orthorhombic amphibole (ao= 9.330, bp) = 17.867, co=5.286 A, +£0.05 per cent with 
space group Pumn or Pn2n) has been identified as a phase within the system LixO—MgO— 
MegF.—SiOs». Its unit cell is one-half that of anthophilite (a@9=18.5, b0=17.9, co=5.28 A; 
space group Pama). A new structure type for amphibole, based on the space group Pumn, 
is proposed. The term proto-amphibole is used to describe this new polytype, since it 
appears structurally related to the amphiboles in the same way that proto-enstatite is to 
the pyroxenes. 

Chemical analysis reveals the proto-amphibole studied in greater detail to have the 
following formula: Li.g4Na_o5, Li.4sM g1.52.M gs. o0Si7. 93 :O21. 1 F*2. 09. 

Its optical constants for sodium light are: a=1.5759, B=1.5870, y=1.5928, 2VGaic.) 
=71.4°, 2Vimeas.) =74°. The presence of lithium and the absence of calcium in the melts 
studied seems essential to the formation of proto-amphibole, a monoclinic fluor-amphibole 
being otherwise developed. 


INTRODUCTION 


The synthetic asbestos investigations of the Electrotechnical Experi- 
ment Station of the Federal Bureau of Mines at Norris, Tenn., recently 
led to the synthesis of some orthorhombic amphiboles which, on pre- 
liminary study, appeared to the fluoride analogs of anthophyllite. Powder 
diffraction data at first seemed to confirm this identification. However, 
precession, cone-axis, and rotation diagrams of single crystals revealed: 
(1) A repeat unit along the a-axis which was one-half that of anthophyl- 
lite and (2) a space group which was Pumn or Pn2n rather than Puma as 
is known for anthophyllite. 

These amphiboles thus belong to a distinct new structural type which, | 
for reasons to be developed, may be referred to as proto-amphibole. De- | 
tails of the study are here presented to establish this new structure and to 
indicate criteria for the recognition of natural representatives. One of us 
(G.V.G.) is currently testing the postulated structure by Fourier syn- 
thesis at The Pennsylvania State University. | 


CHEMICAL SYNTHESIS 


An orthorhombic fluor-amphibole was first observed as a phase in the 
system Li,O—MgO—MgF,—SiO,. Following this observation a number 


* Academic addresses for F.D.B. and G.V.G. are, respectively, Department of Geology, 
Southern Illinois University, Carbondale, Ill., and Department of Mineralogy, Pennsyl- 
vania State University, University Park, Pa. 
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of melts (19-43, et seq.) were studied to determine the bulk composition 
most favorable for the formation of this phase. 

The procedure used was to melt the well-mixed raw materials in a 
graphite crucible, which was itself protected from oxidation by being 
sealed in a fire-clay crucible. After melting was effected (within the range 
1350°-1450° C.), the temperature was rapidly lowered by 100°, then ata 
rate of 10°-15° C. per hour to 1000° C. For melt compositions subject to 
reduction by graphite, the procedure was varied in that only a sealed 
fire clay crucible was used. Consequently, it was necessary to cool these 
melts more rapidly in order to prevent excessive contamination. Raw ma- 
terials were LiF, LizCO;, MgF2, MgO, SiO. (— 200 mesh quartz sand), 
CaCOs, and various oxides or carbonates. 

The experiments of Table 1, as well as others, appear to indicate that 
Lit is essential for the formation of proto-amphibole. The efficacy of Lit, 
however, appears affected by the nature of the other ions in the melt. For 
example, when Al*** is present, the Lit combines with Al*** to form 6- 
spodumene but no fluor-amphibole; if Cl is present, the Li* containing 
phase is LiCl, and again no fluor-amphibole is formed. 

Neither Nat nor Kt yielded proto-amphibole when substituted com- 
pletely for Lit in otherwise favorable batch compositions. With Nat, the 
monoclinic fluor-amphibole, Na: NaMg: Mgs- Sis: Oo2F 2, was obtained in- 
stead. X-ray and optical data on this substance will be reported sepa- 
rately (Miller and Gibbs, in press). Kt always yielded a sheet structure 
(Shell, et al., 1958). If the lithium content was maintained (Nat and Kt 
absent), orthorhombic fluor-amphibole was formed even when Mn**, 
Cott, Cut*, Fe**, or Zn** were partially substituted for Mg** in the 
batch composition. However, if Cat* was substituted to the extent of 3 or 
= of the amount of Mgt* in the batch composition, monoclinic rather 
than orthorhombic fluor-amphiboles were formed (Table 1, 19-12). MgO— 
MgF.—SiOz systems (Fujii, T. and Eitel, W., 1957) did not yield ortho- 
rhombic amphiboles even when Fet* was partially substituted for Mgt*. 
1 or 2 Nit*, substituted for equivalent Mgt, favored silicates with a 
sheet structure. 

The fluoride content of the batch compositions strongly affected the 
yield of orthorhombic amphibole. Batch compositions may be compared 
to the theoretical fluoride content in fluor-amphiboles which is 2F~ per 
unit formula (e.g. fluor-richterite, Na- Na Ca- Mgs5- Sis: OxeF2; or to that 
in fluor-micas which is 4F~ (e.g. fluor-phlogopite, K2- Mge- Al2Sig: OF). 
These may be written alternately as Na- Na Ca: Mgs5-(F2) (SuOu)2 and 
Ko: Mgg- (F's) (Al SisOr0)2, respectively. 

In the LixO—MgO—MeF.—SiQe system, an 7:0 ratio of 1:5 yielded 
fluor-micas or fluor-montmorillonites as the major phase; whereas F:O 
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ratios approaching 1:11 gave fluor-amphibole as the major phase. This 
tendency was not necessarily true for all cationic substitutions, some of 
which (e.g. Zn*+) never yielded a fluor-mica. 


TABLE 1.—BatcH CoMPosITIONS AND RESULTING PHASES 


Exp. No. Batch Composition Phases formed; remarks 

19-41 Li-LiMg- Mg;: Sis: Oal"s 97% water-swelling fluor-montmorillonoid; 3% 
acicular proto-amphibole 

19-43. Li- Caz: Mgs- BSi7: Ooi Fs Monoclinic fluor-amphibole major phase 

19-45 Li-Mg»:Mg;- AlSi7:Ouks Humites are major phases; some beta spodu- 
mene; mica and amphibole absent 

19-47 Li-MnMg-Mg;-BSi;:OnF, 10% water-swelling platy mineral; 90% ortho- 
rhombic fluor-amphibole 

19-48  Li-LiMeg: Mg;: BoSig: Oxols 95% fluor-montmorillonoid; 5% norbergite, 
fluor-amphibole 

19-49 = Li- LiCo*t- Mg; - Sis: Oak’, 20% fluor-montmorillonoid; remainder ortho- 
rhombic fluor-amphibole 

19-50 = Li- LiCut?- Mg;- Sis: On Fy Similar to 19-49, but 50% or more of Cut? was 
as oxide 

19-52. Li- LiNi*?- Mg;-Sis:Onk4 Very fine, fluor-montmorillonoid; no fluor- 
amphibole 

19-53 Li- LiZn*+- Mgs: Sig: Oo Fy Vluor-montmorillonoid absent; orthorhombic 
fluor-amphibole present 

19-64 Li: LiMg- Mgs- BeSig:Ov0.5F; 75% fluor-montmorillonoid; 25% proto-amphi- 
bole (see 19-47) 

19-65 Li-LiMg: Mg;- BoSig: Ox2Fs Fluor-montmorillonoid minor; largely ortho- 
rhombic fluor-amphibole (see 19-47, 19-64) 

19-69 = Lis: Mgo- Mgs- Sis: Oor251"4 95% fluor-montmorillonoid; 5% tridymite; no 
fluoramphibole 

19-7 Mg 5: Mgo- Mgs: Sis: Oo.5l"4 No fluor-amphibole or fluor-montmorillonoid 

19-73. Li- LiMg: Mg;-Sis:Oo1.95F2.1 20% fluor-montmorillonoid; 80% proto-amphi- | 
bole 

25-160 = Li- LiCa- Mg;-Sig:Oo1.5F3 Major phase formed was monoclinic fluor-| 
amphibole 

19-12 Li-LiCa-Mg;- Sis: Oo1.sF3 Monoclinic fluor-amphibole was a major phase 
(75%); fluor-montmorillonoid phase minor | 
(25%); fluor-amphibole phase contained 8. 
wt. % CaO 

19-86 = Li-LiMg- Mg;-Sis: Ov. 5I*1 Fluor-montmorillonoid, 10%; orthorhombic 
fluoramphibole, 55%, enstatite: 35% 

19-87 Li: LiMg: Mg5- Sis: Oosl*o 


Note that fluoride was absent from batch; prod-| 
ucts were: clinoenstatite, 50-60%; cristobal-| 
ite, 20%; “Mg equivalent of petalite,” 30% ;, 
differential thermal curves showed a phase 
(LixMgSiOu?) with reversible inversion at 
880° C. 
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CHEMICAL FORMULA 


The proto-amphibole synthesized from batch composition 19-41 
(Table 1) was chemically analyzed and its ionic composition was calcu- 
lated by two different methods. In the first method the total mass units 
(ZM) of the unit cell were determined from the standard formula: 


1.66 X 10°*4 


where p and V represent the crystal’s measured density and unit cell 
volume. For this particular proto-amphibole, as is discussed later, these 
were determined to be 2.928 g. cm. (at 21° C.) and 881.22 A’, respec- 
tively. Inserting these values in the foregoing equation, ZM can be calcu- 
lated to be 1554.258 mass units. The chemical analysis (col. 1, Table 2) 
permits calculation of the amount of the mass units of each chemical com- 
ponent in the unit cell (col. 2, Table 2). Consequently, the relative num- 
bers of different cations and fluoride ions in the unit cell (col. 4) were 
calculated by dividing the value in col. (2) by the equivalent weight in 
col. (3). Assuming Z= 2, the chemical formula for proto-amphibole is de- 
termined, except for oxygen, by halving the values in col. (4). Thus 
Na.o4 Linae Mge.50 Siz.s9 Oz F2.c9. Assuming sufficient oxygen to neutralize 


TABLE 2. CHEMICAL ANALYSIS OF PROTO-AMPHIBOLE AND IONIC FREQUENCIES 


(1) (2) (3) (4) 


, Mass units Equivalent Number of 
Analysis : ; ; : 
in unit weight of ions per 
(wt. %) cell* oxides, etc. unit cell 
SiO, 60.68 948.43 60.06 Silom S 
MgO S325 523.76 40.32 Mg 12.99 
LixO 2.14 33.45 14.94 ie 2ale 
CaO 0.0 = = 
Na,O Oy 2.66 30.99 Na 0.08 
Fr 5.07 79.25 19.00 F 4.17 
Ignition 
loss 350° 0.40 = 
101.97 1587.55 
Less O=F MMS) 38,80) 
Total 99 84 1554.25 


* Results in col. (1) multiplied by 1554.258/99.44. It will be noted that in this method 
the total of 1554.25 is obtained first, then the portions comprising the total are calculated 
from the chemical analysis in weight %. 
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all unsatisfied cations, as well as grouping the ions according to their pre- 
sumed structural positions, the formula becomes 
Na .oaLi.e2: Li.soMgi.50- Mg5.00° Siz.89? O21.s2° F2.09. 


Calculating the formula on the basis of 24 anions using the method of 
Shell and Craig (1956), the result is 
Na. osLi.e4* Li.asMgi.52° Mgs.00° Siz.93? O21, 91° F209. 


The two formulae, each calculated on a different basis, thus show excel- 
lent agreement. 
OpTicaAL DATA 


The optical properties of the proto-amphiboles studied were obtained 
using a 5-axis universal stage, a monochromator, and the standard single 
variation technique. All crystals were biaxial negative and exhibited 
parallel extinction. The optical data for typical proto-amphiboles are 
summarized in Table 3 (A, B, and C); the a and 8B indices cited are be- 
lieved accurate to +0.0005. Each measured value for 2Vp (presented as 
footnotes to the table) represents an average of eighteen measurements 
on nine different crystals; 95 per cent of these individual measurements 
varied by less than one degree from the average value. 

The close physical and chemical resemblance of the synthetic proto- 
amphibole to anthophyllite invites comparison between their optical 
properties. Accordingly, the data for two natural anthophyllites (Rab- 
bitt, 1948, p. 291) were tabulated (D and E, Table 3), these two particular 
anthophyllites being chosen for their chemical similarity to the proto- 
amphibole synthesized. Compared to these anthophyllites, the synthetic 
proto-amphibole possessed significantly lower dispersion (N;—N,) and a 
smaller 2V. In addition proto-amphibole 19-41A, as well as two others 
examined microscopically, was optically negative for all wavelengths of | 
light used whereas Rabbitt indicates the optic sign of anthophyllite to be 
often positive. The generally lower indices of the proto-amphibole com- 
pared with the natural anthophyllites may be the result of the complete 
substitution of fluorine for hydroxyl. Such substitution has been shown 
to lower the indices of refraction in the case of both fluor-phlogopite | 
(Kohn and Hatch, 1955, p. 15) and fluor-tremolite (Comeforo and Kohn, | 
1954, p. 543). | 


MORPHOLOGY 


Synthetic proto-amphibole crystallized in an acicular habit, the’ 
needles consisting of several parallel-to-sub-parallel individuals, each| 
elongated parallel to the c-axis. Individual crystals with well developed | 
faces were rare. The best developed faces were of the {110} form. The. 
{100} form occasionally occurred as narrow, poorly developed faces. An) 
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TABLE 3. COMPARISON OF OPTICAL CONSTANTS OF SYNTHETIC PROTO-AMPHIBOLE 
witH NATURAL ANTHOPHYLLITES 


n(A) ¥ B a ya y—B6 Optic sign; 2V 


A. Synthetic proto-amphibole No. 19-41A 


I (4861) 1.5989 1.5930 1.5816 0.0173 0.0061 ()zA- a 
D(5893) 1.5928 1.5870 1.5759 0.0169 0.0058 ();;, 71-42 (Cale)? 
C (6563) 1.5903 1.5845 1.5736 0.0167 0.0057 (Eile 38> "(Cale) 
Nr—Ne 0086 .0085 .0080 
B. Synthetic proto-amphibole No. 18-64B 

I (4861) 1.5987 1.5923 1.5808 0.0181 0.0064 (=)ReoL 3 (calc) 
D(5893) 1.5938 1.5869 1.5742 0.0196 0.0069 (Gore 2esma(cale)e 
C (6563) 1.5918 1.5847 1.5714 0.0204 0.0071 (5 Alt? (Alle) 
Nr—Ne 0069 .0076 .0094 


C. Synthetic proto-amphibole No. 19-73C 


F (4861) 1.6049 1.5996 1.5920 0.0129 0.0053  (—); 79.4? (calc) 
D(5893) 1.5979 1.5926 1.5812 0.0167 0.0053... .(—); 68.2° (cale)e 
C((6563) 1.5950 1.5897 1.5766 0.0184 0.0053  (—); 64.5° (calc) 
NEN, 0099 0099 0154 


D. Natural Anthophyllite (Rabbitt, 1948, p. 291, No. 29) 


F (4861) 1.6451 1.6365 1.6365 0.0146 0.0086 (+); 80° 
D(5893) 1.6354 1.62704 1.6180 0.0174 0.0084 (—); 88° 
C (6563) 1.6315 1.6230 1.6127 0.0188 0.0085 (—); 84° 
Nr—Ne 0.0136 0.0135 0.0178 
E. Natural Anthophyllite (Rabbitt, 1948, p. 291, No. 30) 

F (4861) 1.6505 1.6430 1.6340 0.0165 0.0075 (—); 85° 
D(5893) 1.6410 1.6280 1.6162 0.0248 0.0130 (+); 88° 
C (6563) 1.6372 1.6205 1.6092 0.0280 0.0167 (+); 79° 
Nr—N. 0.0133 0.0225 0.0248 


“ By direct measurement 2Vp=74° 

> By direct measurement 2Vp=75.2° 

¢ By direct measurement 2Vp=73° 

4 Rabbitt’s original paper has 1.6370, but this is presumed to be 1.6270. 


excellent cleavage occurred parallel to {110}. The angle between the (110) 
and (110) faces was determined with an Eichner two circle goniometer to 
be 55°02’; individual measurements varied as much as 10’ from these 
averages (although usually they were within 5’). 
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DIFFRACTION DATA 


The «-ray diffraction data for synthetic proto-amphibole were ob- 
tained by means of a Norelco diffractometer from a glass slide smear of a 
mixture of powdered proto-amphibole and a synthetic spinel (MgAl2Ox) 
internal standard. The smear was prepared by the standard technique of 
mixing a small portion of powder with a lacquer of 10 parts cellulose 
acetate dissolved in acetone and carefully spreading the resultant slurry 
over the slide as a uniformly thin, translucent layer. 

The instrumental settings of the diffractometer were: Time constant, 4 
seconds; multiplier, 1.0; scale factor, 8 and 16; divergence and scatter 
slits, 1°; receiving slits, 0.006”; scanning speed, 4 degree 20 per minute; 
chart scale, 3 degree per inch; filtered Cu Ka radiation. 

Three diffraction records were made within the range 5 to 70 degrees 
26. Following each scan of this range, the smear mount was moved 
slightly in the clip-holder to alter the portion of the smear being «-rayed. 
The 26 Bragg reflections recorded on the diffraction charts were located 
by measuring the centers of the peaks at two-thirds height as proposed 
by Donnay and Donnay (1952). This method of peak location was, how- 
ever, only considered suitable when the a and az spectral components 
were completely resolved. For unresolved or partially resolved maxima, 
the peak locations were obtained by measuring their centers at half 
height (Smith and Sahama, 1954). The Bragg reflections were corrected 
by means of an internal standard and comparable 20 values from the 
three separate charts were averaged and converted into Q-values from 
the Donnay and Donnay (1951) tables. The resultant diffraction data 
(Table 4) were indexed on the basis of the following orthorhombic cell 
dimensions: 

a) = 9.330, b) = 17.867, 9 = 5.286 A(40.05%). 


On the basis of powder diffraction data only, proto-amphibole may be 
mistaken for anthophyllite. For example, the values in Table 4 could also 
have been indexed on an orthorhombic cell comparable in size to that of 
anthophyllite (i.e. in our case ap= 18.661, b) =17.867, and cy=5.286 A). 
The resultant indexing is very similar to that for anthophyllite (Table 5). 
However, even when thus indexed, proto-amphibole can be differentiated 
from anthophyllite since for it there is an absence of all reflections for 
which /i is odd—indication that the value of a used in indexing is double 
the true value. 

To confirm the dimensions of the unit cell, as well as to determine the 
space group, single crystal data from proto-amphibole were obtained. 
Cone-axis and rotation diagrams about [100], [010], and [001], confirmed 
the cell edges a 9.330, 6 17.867, c 5.286 A. Particular attention was given 
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TABLE 4. X-RAy POWDER DIFFRACTION DATA FOR SYNTHETIC PROTO-AMPHIBOLE 
Cu Ka=1.54178 A, Cu Ka, = 1.54050 A 


Observed values Calculated values* 
hkl V/ik QxX 10° 
d Dore Q d 26 Q 

020 5 8.962 9. 85(a) .01245 | 8.934 9.90(a) .01253 —8 
110 67 8.276 10.69(a) .01460 | 8.270 10.70(a) .01462 —2 
130 AL SOO) 17.67(a) .03970 | 5.020 17.67(a) .03968 2 
200 14 | 4.666 19.02(a) .04593 | 4.665 19.02(a) 04595 —2 
040 28 | 4.469 19.868(a) | .05008 | 4.467 19.876(a) | .05012 —4 
220 1 4.137 21.48(a) .05844 | 4.136 21.49(a) 05847 —3 
131 (6 |) SG8S 24.428(a) | .07532 | 3.640 24.45 (a) .07546 | —14 
150 § | 389 26.097 (a) | .08969 |} 3.337 20.71(a) .08978 —9 
eA 13 3.260 27.358(a) | .09411 | 3.258 27 .38(a) 09425 | —14 
240 33 SOME 27.631 .09612 | 3.228 27.62 | .09603 9 
310 100 | 3.063 29.134 MOS |) SOE | WO 10651 12 
231 7 SOU 29.581(a) | .10967 | 3.017 | 29.G61(a) .10990 | —23 
ibs 22 Doo) Sil ONES) |) SPIED |) Bw Wr Sil sea) MPSS | 2, 
330 DSN DoS WV PAs ANGIE: | Bo 7Si 32.45 .13156 | —18 
102 13 2.543 35258 ies. || 2548 3526 . 15460 —5 
Be 21 2.499 | 35.90 .16009 | 2.500 | 35.89 | 16002 7 
350 4 | 2.346 | 38.33(e) .18166 | 2.346 | 38.33 |_.18167 —1 
400 A WEE || IS ST). |) lS KOIE |) BOS) 38.59(a) .18377 | —16 
261 7 2.268 | 39.708 19442 | 2.268 | 39.71 | 19448 —6 
ae 8 2.233 40.360 20059 | 2.233 | 40.35 | .20047 12 
421 4 DAO 43 54 | SASIRSS) || POG: |) ENS .23209 | —24 
361 7 1.993 45.48 .25185 | 1.992 | 45.49 25191 —6 
510 8 1.856 | 49.038 .29028 | 1.856 | 49.038 . 29028 0 
530 4 1.781 Sl AS SS | il ek! 51.26 sO SSS 2 
461 8 LASS) S2e 26 £33236u|\Eta 7/35 128: 33232 4 
480 3 1.613 S/05 .38438 | 1.613 57.04 38424 14 
tally 5 1.600 | 57.56 .39069 | 1.600 |} 57.54 .39049 20 
SMP, 2 1.581 58.31 .40004 | 1.581 58.30 39993 11 
561 14 1 pts) 61.098 .43544 | 1.515 61.117 .43569 | —25 
Om? 10 1.489 62.303 .45105 | 1.489 62.303 .45105 0 
661 11 1.334 70.55 S621 SIRS S4 ae OOS - 56204 10 


* Based on the following direct and reciprocal lattice constants: 
ao =9.330; bp = 17.867; ¢o= 5.286 A+0.005 
a*2= 0114860; 6*2=.0031323; c*?=.035767 
** Values for Cu Ka, radiation unless otherwise indicated. 
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TABLE 5. COMPARISON BETWEEN OBSERVED DIFFRACTION DATA FOR SYNTHETIC 
PROTO-AMPHIBOLE AND NATURAL ANTHOPHYLLITE 


Natural Anthophyllites 


Synthetic : 
Renu Specimen from Gedrite from 
Ne Falun, Sweden* Inverness-Shire? 
hkl dnxt T/i hkl Tnx ile hkl dnkt T/h 
(020) 8.962 5 aS 8.99 50 
(210 8.276 67 210) $22 4 (210) 8.28 70 
= 7.19 50 
(230 5.019 4 230) 5.05 2 
400) 4.666 14 
(040) 4.469 28 (040) 4.52 3 (040) 4.45 30 
420 4.137 1 420) alls) 3 (420) 4.11 30 
131) 3.88 1 (131) 3) 84 15 
231 3.645 16 
iy Oe (371) = 3_CoueeD 
250) 3.339 6 (331) 3.34 1 
(421) 3.260 13 
440) 3r226° 333 (440 512A wees (440) 3.21 
610 3.063 100 610) 3505 8 (610) 3.04 100 
(431 Bk0L7 ay 
(521 2.87 2 a 2.87 50 
251) 2.822 22, MSI 2.84 3 re 2.81 50 
(630 2.759 25 (630) 25.8) 2 (630) 2.74 50 
(351) 2.69 $) 
161 2.59 3 = 2.66 50 
(202 2.543 13 (202 2.54 4 (202) 2.56 50 
aa DOS 50 
451 2.499 16 (451) 2 Sil 3 (451) 2.49 50 
(261) (261 
650) 2.346 + (302 2.43 ¥ 
800) 2.334 + (551 Ds oy 1 (551) yi 30 
(402) 2.29 1 
461) 2.268 ii 
(271) DBS: 8 
(080) 
(502) De NS 3 (502) 2.14 30 
(561) 2.14 4 (561) PP? 30 
(821) 2.077 + (840) 2.065 I (840) 2.06 15 
(661 1.993 7 (661) 1.998 2 
(751) 1.982 1 (751) 1.98 15 
1 1 


(571) 


965 


* Calculated from data of Johannson (4, pp. 35-36) using 1.9373 as wavelength Fe Way 
» As given by American Society for Testing Materials card 7-289 for gedrite, 
* As given by Johannson (4). 
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TABLE 5 (continued) 


Sythetic Natural Anthophyllites 
eee ae Specimen from Gedrite from 
Tie Falun, Sweden® Iverness-Shire? 
hkl dnt 1/i, hki Dhrkct 1c hkl net T/i 
(702) 1.872 1 
(191) 1.867 
ORION 16856 8 
(860) 1.837 3 (860) 1.84 15 
CORSO) 1781 4 
(861) TESS 8 (861) 78S 2 — Ve fie) 15 
(812) 
(880) 1.613 3 (961) 1.618 4 — 1.61 15 
(880) 
(2.11.0) 


(2.11.0) 1.600 5 
(053) 1.584 2 


(672) 1.581 2 
22020). 1.56 3 (12.0,0)\0 4-546 2 (124020) 9 odors 
(10.6.1) 1.52 14 (O<6al\ea1 Sica = 2 
(0.12.0) 1.505 4 (Oni220\e 25 1eeee50 
Garb Vee 2 
(iz oer 47 ea? 
(Qo. 41s 3 GHEE ae by ls 
2 eA ie esl) 
(663) 1.364 2 
(126A) 1.33 11 2.6.10) i 


331 3 -- £3335 wile 


to determining the repeat unit along the a-axis (since for proto-amphibole 
this value was one-half that for anthophyllite, the only other ortho- 
rhombic amphibole known until now). An intentionally over-exposed 
(113 hour) rotation diagram about [100] (Fig. 1) confirmed the a spacing 
of proto-amphibole as 9.330 A. 

Additional data support the accuracy of the cell parameters. The cal- 
culated specific gravity, 2.940 g. cm.~%, is in close agreement with that 
measured by the sink-float method, 2.928 g. cm. at 21° C. (40.002). 
The angle (110) \(110) calculated from the values of ao and do is 55°06’; 
the goniometrically measured value was 55°02’. 

Precession diagrams (Figs. 2, 3) indexed on the basis of the following 
orthorhombic cell dimensions 


ay = 9.330, De S Ore 6 = SAI) INGE MOD) 


indicated the following conditions for Bragg reflection: /k/, no condi- 
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tions; Ok, kR+1=2n; hOl, no conditions; hkO, h+k=2n, h0OO h=2n; 
ORO, k=2n; and 001, 1=2n. The space groups obeying these rules are 
Pnmn and Pn2n. The distribution of intensities of the diffraction spots 
recorded on the precession diagrams indicated orthorhombic symmetry. 
Transmission Laue diagrams further confirmed this. 


POSTULATED STRUCTURE 


There is little doubt that the material under investigation is an amphi- 
bole since: (1) The observed intensities for proto-amphibole are very 
similar to the intensities of corresponding reflections recorded for amphi- 


Fic. 1, X-ray rotation diagram about the a axis of proto-amphibole; Cu Ka 
radiation, 113 hour exposure. 


bole minerals; (2) The values of the repeat units, bo and Cp (i.e. 17.867 anc 
5.286) are typical for an amphibole chain; (3) The goniometrically meas: 
ured angle for the prismatic cleavage, 55°02’, is also typical and (4). The 
ratio Si:O:F found in the unit cell is very close to 8:22:2, values char. 
acteristic of fluor-amphiboles. Of the two space groups possible for proto 
amphibole, 1.e. Pamn or Pn2n, only Pnmn can be reconciled to an amphi 
bole chain. Thus Pumn is the more likely of the two space groups. 
Employing atomic coordinates largely based on those found for proto 
enstatite (Smith, 1959), a structure whose atoms are consistent with th 
space group Pnmn has been proposed for proto-amphibole (Figs. 4, 5) 
The structure is derived from that of proto-enstatite by placing a mirro 
plane parallel to (010) so as to produce a doubling of the pyroxene-typ: 


(a) An hkO prec mn diagram of proto-amphibole; Cu Ka radiation, 18 hour 


exposure; a* horizontal, (b) An hk1 precession diagram; a* horizontal. 
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Fic. 3, An hO1 precession diagram of proto-amphibole; Cu Ka@ radiation, 18 hour 
exposure; a* horizontal. 
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I'ic. 4. Proposed structure for proto-amphibole projected on (001). 
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Fic. 5. (a) Proposed structure for proto-amphibole projected on (100). (6) (100) 
projection showing silicon-oxygen tetrahedra. 


chains of proto-enstatite. This operation is similar to that used by War- 
ren (1929) to derive the structure of tremolite from that of diopside. The 
resultant structure for proto-amphibole differs from that of the typical 
amphibole in that neighboring chains are slightly shifted relative to each 
other along the c-axis, a feature necessary to produce the orthorhombic 
symmetry without doubling the cell as in anthophyllite. 
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In Figs. 4, 5 the eight-fold-coordinated cation sites are labelled Mgi and 
Mg;; the six-fold sites, Mg»-Mgg. The cation sites of twelve-fold coordina- 
tion are not labelled. The details of the occupancy of these different cat- 
ion sites by Mgt+ and Li* are not known, the questions posed by Zuss- 
man (1955, p. 301) remaining unanswered with respect to proto-amphi- 
bole pending its structural analysis. Some conjectures may be made, 
however. For example, the inter-chain shift in proto-amphiboles as com- 
pared to tremolite restricts the space available for cation positions Mg; 
and Mg;. Subject to revision following a structural analysis, the extent 
and significance of this restriction can be assessed by comparing the vari- 


TABLE 6. COMPARISON OF CATION-OXYGEN DISTANCES OF THE EIGHT-FOLD 
COORDINATED SITES IN PROTO-AMPHIBOLE AND ACTINOLITE 


Inter-atomic distances (A) 


Mg;-O (proto-amphibole) Dio Mk i) 2D) 
Ca-O (actinolite) Dh SP) 2.34 DO 


emes) 
SS) 


ous Mg;—O inter-atomic distances of the postulated structure with the 
corresponding Ca—O inter-atomic distances given by Zussman (1955, 
Fig. 3, p. 305) for actinolite (Table 6). Comparison of these distances 
with the average of the Goldschmidt, Pauling, and Zachariasen inter- 
atomic distances for Lit——O>, Me™*—Os and Ca" ©) 1-52.03 209 
and 2.39 A, respectively, indicates that, in contrast to its role in mono- 
clinic amphiboles, calcium ions are too large to occupy the Mg; and Mg; 
sites in proto-amphibole. The chemical data supports this explanation: 
batch compositions to which calcium was added always yielded mono- 
clinic amphiboles rather than proto-amphiboles (Table 1). 
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INFRARED SPECTRA OF SOME TECTOSILICATES* 
Ropert G. Mirxey, U.S. Geological Survey, Washington 25, D.C. 


ABSTRACT 


In the spectra of the tectosilicates analyzed, the major absorption peaks, which are due 
to the primarily bond-stretching vibrations of the 


Osi 
O 


linkages, occur within a narrow range of the spectrum from 9.1 to 10.2u. The spectra may 
be used in some cases, such as for orthoclase and microcline, to distinguish between similar 
materials. For others, such as noselite, hauynite, and lapis lazuli, the spectra are too similar 
for purposes of identification. The specificity of such spectra might be increased by extend- 
ing the study to include wavelengths longer than 15 microns. 

The wavelengths of the major absorption peaks show an irregular, but definite, shift 
toward longer wavelengths as the aluminum-silicon ratio increases: the introduction of alu- 
minum into the framework increases some of the bond-lengths and decreases bond force 
constants, resulting in lower frequencies of vibration for the major absorption bands. The 
infrared spectra could generally be correlated in groups according to similarities in tetra- 
hedral frameworks. However, dissimilar spectra obtained from some tectosilicates with 
identical frameworks but differing cations, indicated that in some cases the comparatively 
weak bonds between cation and framework may produce alterations in absorption. 

The major absorption peak of most of the tectosilicates showed a high intensity, re- 
flecting the substantial ionic character of the silicon-oxygen bond. As little as a few micro- 
grams of some of the tectosilicates may be detected from their absorptions. 


INTRODUCTION 


In the literature there have appeared some infrared spectra of various 
silicates. Hunt, Wisherd, and Bonham (1950), in a survey of some min- 
erals and inorganic compounds, have presented the infrared spectra of 
some layer silicates and tectosilicates. Launer (1952) has offered the in- 
frared spectra of some silicates of each class, including 4 silica minerals 
and 9 tectosilicates. Keller, Spotts, and Biggs (1952) also presented sev- 
eral minerals of each silicate class in a similar type of survey. However, 
no comprehensive survey has been attempted of any of the major classes 
of silicates. 

In this paper, the infrared spectra of 57 tectosilicates are presented, 


and also some correlations and interpretations of the various absorption 
bands. 


EXPERIMENTAL PROCEDURE 
The mineral samples analyzed were obtained from the National Mu- 
seum, Washington, D. C., from Dr. Frank Schairer, Geophysical Lab- 
* Publication authorized by the Director, U. S. Geological Survey. 
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oratory, and from Jewell Glass, David Stewart, John Hathaway, and 
the collection of Esper S. Larsen, Jr., all of the U. S. Geological Survey. 
Confirmation of identification of the samples from the National Museum 
was, in each case, made by optical means, and, when necessary, also by 
x-ray and spectrographic analyses. Compositions of the plagioclase feld- 
spars were determined by method of extinction angles, and their compo- 
sitional error is estimated to be within 5 per cent. X-ray analyses were 
performed by Daphne Ross, optical analyses by Sam Rubinstein and 
W. W. Virgin, and spectrographic analyses by Katherine Hazel, all of the 
U. S. Geological Survey. 

Each sample was prepared for infrared analysis using the potassium- 
bromide imbedding-window method: 

Two-tenths milligram of the finely divided silicate was mixed with 
reagent grade KBr which had been ground to pass 300-mesh screen, dried 
at 110° C. for several days, and thereafter stored over drierite. The sili- 
cate was dispersed throughout the KBr by mixing manually in a mullite 
mortar for about 20 minutes, or alternately by agitation in the bakelite 
capsule of a mechanical agitator. The mixture of sample and KBr was 
pressed in a tool-steel die at a pressure of nearly 100,000 psi too form 
a more-or-less transparent pellet, or window, having a 0.5-inch diameter 
and a thickness of approximately 0.4 mm. The window was placed in 
the sample beam of the infrared spectrophotometer. 

The infrared spectra were obtained using a Perkin-Elmer Model 21 
double beam infrared spectrophotometer, with sodium chloride optics. 
Instrument settings were: Resolution 927, gain 5, response 1, source 
amperage 0.3, suppression 2, and speed of recording 1 minute per micron. 
For wavelengths longer than 7 microns, calibration of the spectrophotom- 
eter was made by reference to the polyethylene absorption peaks at 
8.662 microns (1154 cm.~!), 9.724 microns (1028 cm.~'), and 11.035 
microns (906 cm.—!). The A(cm~) for these three peaks was —1 cm."', 
+2cm.—!, and —1cm.~!, and for each peak, the Au shown by two succes- 
sive spectra obtained under the same operating conditions was 0.01 or 
less. 


OBSERVATIONS OF THE SPECTRA 


The spectra were obtained covering the infrared region of the spectrum 
from 2 to 15 microns. However, the significant absorption peaks of the 
tectosilicates occurred at wavelengths longer than 8 microns. Therefore 
only that portion of the spectra between 8 and 15 microns is presented. 
The spectra are shown in Figs. 1 to 12. 

As can be seen from the figures, the absorption spectra of the tecto- 
silicates analyzed showed a general similarity in the region 8 to 15 
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microns. Most have one major broad absorption peak, the base of which 
extends over more than a micron. The apex of the peak, for most of them, 
is situated in the region of the spectrum between 9 and 10.1 microns. 
Only a few exceptions to this rule (plagioclase feldspars, danalite, hel- 
vite) have the peak of their major absorption outside this range, and in 
no case at a wavelength longer than 10.8 microns. Thus, the peak of ab- 
sorption of these tectosilicates can generally be correlated within a rela- 
tively narrow segment of the spectrum. 

This is advantageous for characterizing them as a group. However, it 
also reduces the usefulness of the spectra for analysis, because the main 
absorption bands of individual silicates thus commonly overlap; and, 
therefore, if a spectrum is obtained of a mixture of silicates, there may be 
difficulty in distinguishing the absorption peaks arising from the indi- 
vidual components. Similarly, for the identification of pure silicate sam- 
ples, the usefulness of the spectra may also be somewhat limited because 
of the close similarity of shape that was shown by some of the spectra. 

However, others of the spectra are sufficiently distinctive to indicate 
that the spectra may often be used for purposes of identification or anal- 
ysis of the pure materials. Thus, for some of the tectosilicates, such as 
scolecite, mesolite, helvite, eucryptite and marialite, the major absorp- 
tion bands have a distinctive sequence of two or more discrete absorption 
peaks whose wavelengths may be used to identify pure samples of these 
materials. Also, the spectra of others of the tectosilicates, such as quartz, 
danalite, and sodalite have various sharp secondary peaks at distinctive 
wavelengths; the occurrence of such peaks outside the range of the major 
absorption band are helpful for indicating the presence of these latter 
silicates in a mixture, as well as useful for identifying the pure materials. 

From the standpoint of general application to analysis, the specificity 
of the curves is affected by some materials and unaffected by others. 
Thus, borates, phosphates, and perchlorates, as well as clay minerals, are 
examples of types of materials whose spectra exhibit conflicting absorp- | 
tions, as they all produce strong absorption bands in the 9 to 10 micron | 
range. On the other hand, the tectosilicates can be detected in the pres- 
ence of such materials as polyvanadates, selenates, bromates, iodates, 
chromates, and permanganates, all of these inorganic materials having 
their major absorptions at wavelengths longer than 10 microns, and 
carbonates, nitrates, and thiocyanates, which have their major al sorp- 
tions at wavelengths shorter than 8 microns. Of course, a sample pro- 
ducing no strong absorption at 9 to 10.1 microns indicates the absence of | 
most tectosilicates. 

Comparisons of the major absorption bands of the curves also indicate. 
the relative ease of detection of these tectosilicates, because in each case 


INFRARED SPECTRA OF SOME TECTOSILICATES 993 


two-tenths milligram of the mineral was used in obtaining the spectra. 
Each curve, however, represented the absorption resulting from only 
0.06 mg. of silicate, as approximately only 30% of the face of the potas- 
sium bromide window subtended the light beam. At the wavelength 
where maximum light absorption occurred, the per cent of the incident 
light beam that was absorbed by the sample ranged from 39% for oligo- 
clase to 86% for quartz. More than half of the silicates absorbed 60% or 
more of the incident light beam at the wavelength of maximum absorp- 
tion, and almost all absorbed more than 50%. At the lower limit of detec- 
tion, experiments indicated that as little as 3.7 micrograms of quartz ab- 
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Fic. 1. Spectra of modifications of silica: (1) quartz, (2) a-cristobalite, (3) opal. 


sorbed about 10% of the incident light beam at the wavelength of 
maximum absorption. It is evident, therefore, that their infrared spectra 
may serve to detect almost trace amounts of these silicates, either as pure 
materials or in mixtures with other substances. 

Other comments on specific spectra are of interest. 

Because much infrared work has been done with the varieties of silica, 
only quartz, a-cristobalite, and opal of this subgroup were analyzed; the 
spectra obtained were similar to spectra of these minerals that have ap- 
peared in the literature (Plyler, 1929; Keller and Pickett, 1949; Hunt, 
Wisherd, and Bonham, 1950; Lippincott, Van Valkenburg, Weir, and 
Bunting, 1958), and generally similar to each other. It may be noted that 
their major absorption band occurs at shorter wavelengths (9.1 to 9.2 
microns) than for any other of the tectosilicates. 

The spectra of quartz may be readily distinguished from that of cristo- 
balite by the secondary absorption near 12.6; cristobalite had only the 
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one broad peak at near 12.6u, whereas, in quartz, this absorption occurs 
as a doublet, at 12.56 and 12.84u. The absorptions in this region are 
thought to occur when the silicate structure contains tetrahedra con- 
nected together in regular closed rings, as occurs in quartz (Schaefer, 
Matossi, and Wirtz, 1934; Matossi and Krueger, 1936). The occurrence of 
the 12.6u band in the spectra of opal, similar to those of cristobalite and 
quartz, indicates concurrence with «x-ray studies that opal contains in its 
structure, zones with periodic ordered arrangements of the tetrahedra. 
The feldspar minerals, like the modifications of silica, have been the 
subject of various infrared investigations (Thompson and Wadsworth, 
1957; Laves and Hafner, 1956). Moreover, the complex relationships of 
the minerals of this group merit a detailed treatment. The feldspar 
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Fic. 2. Spectra of feldspars: (1) orthoclase (Rubidoux Mountains, California), (2) ortho- 
clase (Bearpaw Mountains, Montana), (3) adularia (Miask, Urals, Russia), (4) green 
microcline and (5) white microcline (Amelia, Virginia), (6) anorthoclase (Essex Co., New 
Jersey), (7) anemousite, (Skagit River, Washington). 
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I'ic. 3. Spectra of plagioclase feldspars: (1) albite, (2) oligoclase (AbgoAnjo) (Amelia, 


~Va.), (3) oligoclase (Ab7;Ano5), (4) andesine (AbgsAnss) (Izu, Japan),(5), andesine (Abs7Anq;) 


(Minsen, Korea), (6) labradorite (AbyoAnso) (Millard Co., Utah), (7) bytownite (AbgoAnzo), 
(8) bytownite (AbisAngs) Europe, (9) anorthite (synthetic). 


spectra presented here, including orthoclase, adularia, microcline, anor- 
thoclase, and a series of 10 plagioclases, represent only a brief reconnais- 
sance of this group. 

The spectra obtained of orthoclase and microcline conform to the ob- 
servations of Keller, Spotts, and Biggs (1952), and Hunt, Wisherd, and 
Bonham (1950). Orthoclase and microcline can be differentiated by their 
spectra at wavelengths longer than 13 microns, orthoclase having only a 
diffuse absorption in this region, whereas microcline has two secondary 
peaks at 13.0 and 13.75u. The spectra also indicate a differentiation in 
the main absorption peak—orthoclase having its major peak at 9.6u, and 
microcline having twin major peaks at 9.52 and 9.82u. The samples of 
adularia and anorthoclase analyzed produced spectra similar to that of 
orthoclase. 

The spectra of the series of plagioclase feldspars produced a progres- 
sion similar to that shown in Thompson and Wadsworth (1957). At each 


end of the series, the spectra show numerous well-defined absorption 
/peaks—(the sample of AbgoAmo produced a spectra similar to that of 


Abo7Ans, and at the other end of the series, AbisAng2 and synthetic an- 


_ orthite produced similar absorption peaks); in the intermediate spectra, 
_ however, the well-defined peaks are replaced by broad, diffuse absorption 


bands, which do not provide a picture of progressive changes in structure 
throughout the series. (The spectra of anemousite is closely similar to 
that of the andesine (Abs;Anus3) region of the series.) 
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Thompson and Wadsworth extended the wavelength range beyond 1 
microns to obtain further information on the intermediate members o 
the plagioclases; they utilized an absorption peak which undergoes «{ 
bathochromic shift from 15.4 to 16.2 microns as the weight per cen) 
anorthite is increased from 0 to 100 per cent, to suggest a definite struc}, 
tural change in the series at a composition of approximately Ang;—Angg: 
These authors also pointed out that high and low temperature forms o)} 
the plagioclase feldspars were not distinguishable by their infrarea 
spectra. 

Among the spectra of the feldspars, it is interesting to note that th 
sharp, well-defined absorption peaks of microcline, albite, and anorthit 
are indicative of their regular crystalline structures, in which aluminu 
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Fic. 4. Spectra of fibrous zeolites: (1) natrolite (Giant’s Causeway, Ireland), (2) scoleci 
(Hyderabad, India), (3) mesolite (Southeast Table Mt., Colorado.), (4) thomsoni 


(Jeflerson Co., Colorado), (5) edingtonite (Bohlet, Sweden), (6) gonnardite (Puy-de-Dom 
I’rance). 
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Tic. 5. Spectra of heulandite group: (1) heulandite (Paterson, New Jersey), (2) brewsterite 
(Argylleshire, Scotland), (3) epistilbite (Bernfiord, Iceland). 


' and silicon are fully ordered. On the other hand, the broad, diffuse ab- 
' sorption bands and absence of sharp peaks, which characterizes the spec- 
| tra of orthoclase and the intermediate plagioclases, is a reflection of the 
irregular structures of these minerals, in which varying degrees of dis- 
order of aluminum and silicon are present. 

Among the lamellar zeolites, the minerals of the heulandite subgroup, 
| heulandite, brewsterite, and epistilbite, which are considered to form an 
/ isomorphous series, produced spectra which are very similar to each 
| other. Their spectra are also practically identical to the lamellar zeolites 
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lic. 6. Spectra of chabazite group: (1) chabazite, (2) levynite (Skye, Scotland). 
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of the phillipsite group, phillipsite, wellsite, stilbite, harmotome, steller- 
ite, erionite, and gismondite, suggesting that the absorptions are due t 
similar vibrational modes in all of these zeolites. By contrast, the fibrous 
zeolites natrolite, scolecite, and mesolite, which are constructed of frame- | 
works similar to each other, have spectra that are distinctively different. | 
The spectra of helvite and danalite contrast strongly with the spectra}: 
of the other minerals in the sodalite group, as well as with the othe ) 
tectosilicates analyzed, having their major absorption peaks at wave-) 
lengths longer than 10.5 microns. Helvite and danalite are also note 
worthy among the tectosilicates analyzed, in that all of the oubccem 
within the tetrahedra take place with beryllium rather than with alumi4 
num; in either mineral the Be:Si ratio is 1:1. 
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Fic. 7. Spectra of phillipsite group: (1) phillipsite (Antrim, Treland), (2) wellsite (Cla 
Co., N. Carolina), (3) stilbite (Faroe Islands), (4) harmotome (Westchester Co., Ne 


York), (5) stellerite (Gishu mine, Korea), (6) erionite (Montana), (7) gismondite (Cap 
di Bove, Italy). 
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Fic. 8. Spectra of miscellaneous zeolites: (1) faujasite (Hesse, Darmstadt, Germany), 


' (2) analcite (Giant Causeway, Ireland), (3) laumontite (Transylvanian, Hungary), (4) 
 ferrierite (British Columbia, Canada), (5) laubanite (Steinbruch, Silesia), (6) dachiardite 


(Speranza, Elba). 


CRYSTAL VIBRATIONS 


The absorption bands of complicated molecules like the tectosilicates, 
unlike that of some simpler molecules, cannot be assigned by appropriate 
calculations to specific vibrational modes of the molecule. However, by 
means of empirical comparisons of spectra, general statements may be 
made linking absorption bands with the types of vibrations that pro- 
duced them. Thus, Colthup (1950) has designated the region of absorp- 
tion of the valence stretching vibration for the Si-O bond as between 


9.1 and 10.8 microns, and Wright and Hunter (1947) have used the ab- 


sorption of polydimethylsiloxanes to assign Si-O absorptions to the 9.1 
to 10.0 micron region. As the silicon- (or aluminum-, or beryllium-) 
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oxygen tetrahedral bond is common to all the silicates, it is inferred that, 
the strong absorption bands shown by most tectosilicates in the wave- 
length region 9 to 10 microns are due to predominantly bond-stretching 
vibrations of the 

O—Si 
> | 

O | 
tetrahedral linkage. (As intensity of absorption depends on an effective), 
vibrating charge, the very high level of absorption of these bands is con-4) 
sistent with the highly ionic character of the Si—O bond, reported by 
Pauling (1930), to be approximately 50% ionic. By contrast a lower ine 
tensity of absorption is shown by a more covalent bond, such as the C—O) 
bond, which has only 22% ionic character.) 
Compared to the bands in the 9 to 10 micron region, the absorption), 


1400 1300 1200 1100 100¢ 300 B00 700 cnr 
| 


joop-ssstitii tis tt pid Pt Ef ss ts bes 


f 
| | 
Sar Se Ee ia ae bait a ces Ses 


PERCENT TRANSMISSION 


TT SATS SS TT VT TS BT SI (eae | 
©) 10 (I 12 13 14 IS 


WAVELENGTH - MICRONS 


Fic. 9. Spectra of sodalite group: (1) sodalite (Ontario, Canada), (2) noselite (Saach 
See, Prussia), (3) hauyanite (Deer Lodge, Montana), (4) lapis lazuli (Persia), (5) helvit 
(Iron Mt., New Mexico), (6) danalite (Rockport, Massachusetts). 
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Fic. 10. Spectra of nepheline group: (1) nephelite (Ontario, Canada), (2) eucryptite. 


| bands that occur at longer wavelengths (including those beyond 15 mi- 


crons) arise from vibrations in which bond-bending is relatively more 
important; such absorption bands should be more characteristic of skel- 


) etal structure than the primarily bond-stretching vibrations that occur 
| in the 9 to 10 micron region. In the spectra of quartz and cristobalite, for 


example, the minor absorption bands at 12.5 to 12.8 microns have been 
termed characteristic of the “ring”’ structure to be found in quartz in 
which the silicate tetrahedra are joined together to form rings (Schaeffer, 
Matossi, and Wirtz, 1934). Probably an extension of the spectra to the 
wavelength region 15 to 30 microns would reveal greater contrasts and 
more specific differentiation between spectra that appear generally simi- 
lar in the 8 to 15 micron region. 


EFFECT OF ANION AND CATION 


The tectosilicates which are constructed of similar frameworks are 
most likely to have spectra similar in shape to each other. This is shown 
by the matching spectra of such groups as orthoclase and adularia, stel- 


lerite and stilbite, analcite and pollucite, heulandite, brewsterite and 


epistilbite, chabazite and levynite, helvite and danalite, or noselite and 
lapis lazuli. In each case, the members of these groups have similar frame- 
works of linked tetrahedra, while they have different cations, or differing 
proportions of the same cation (or, as in the case of noselite and lapis 


| lazuli, different substituted anionic groups). This is similar to what is 


found in the spectra of simple inorganic compounds, such as metal car- 
bonates, sulfates, and nitrates, in which the shape of the spectra are de- 
termined principally by the vibrations of the anion, with only slight 
effect resulting from the substitution of cation for another. 
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In the tectosilicate frameworks, the silicon-oxygen and sieht 
oxygen bond distances are in the region of 1.6-1.7 A. On the other hand, 
the distance between an oxygen atom and a sodium or calcium cation is, 
comparatively greater; at least 2.5 A, and sometimes as much as 3.0 A or} 
more. The distances from H.O molecules to oxygen atoms are compar-» 
able to the distances between oxygen and cations. Moreover, as the co-}f 
ordination number of silicon or aluminum is 4, while that of a cation such 
as sodium may be 6 or 8, from Pauling’s electrostatic valence rule, the. 
electrostatic bond strengths of the Si—O or the Al—O bonds may be as) 
much as 6 to 8 times the strength of the bonds between oxygen and a} 
sodium cation. Thus, the restoring forces between oxygen and silicon (or) 
aluminum) in the framework are much stronger than those between 
oxygen and a sodium or calcium cation. From this general picture, it is to 
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Fic. 11. Spectra of (1) pollucite (Buckfield, Maine), (2) cancrinite (Litchfield 
Maine), (3) davyne (Iowa), (4) Milarite (Grisons, Switzerland). 
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Fic. 12. Spectra of scapolite: (1) marialite (MaiooMeo to MagoMezo) (French Creek, 
Pennsylvania), (2) wernerite (MasoMe2 to MazoMego) (St. Lawrence Co., New York), 
(3) meionite (Maz)Meso to MaoMeioo) (Monte Somma, Vesuvius, Italy). 


be expected, therefore, that valence stretching vibrations of the strong 
Al—O and Si—O bonds in the framework should be affected only slightly 
by changes in the much weaker oxygen-cation bonds, such as by the sub- 
stitution of one cation for another. 

Some of the tectosilicates, notably the fibrous zeolites natrolite, meso- 
lite, and scolecite, showed widely-contrasting spectra, in spite of their 
being isostructural. However, the frameworks of these fibrous silicates 
also show other characteristics that differ from those of the more robust, 
3-dimensional frameworks of such zeolites as chabazite, analcite, harmo- 
tome, or levynite. Thus, the alumino-silicate framework is essentially the 
same for all alkali-exchanged forms of chabazite from lithium to cesium 
(Beattie, 1953), and the framework of analcite remains the same when Nat 
is replaced by K*, NHg*, Tl***, or Rbt, whereas the fibrous zeolites show 
a tendency toward lattice changes after outgassing or ion-exchange. 
Moreover, natrolite, scolecite, and mesolite give off their water at differ- 
ent temperatures, their differential thermal curves are all distinctive and 
they undergo thermal decomposition at different temperatures (mesolite 
and scolecite at comparatively low temperatures, 490° and 560° C., while 
natrolite retains its structure until 940° C. [Peng, 1955]). The decomposi- 
tion temperatures may be regarded as a measure of bond strengths. In 
the light of these differences in the characteristics of natrolite, mesolite, 
and scolecite, their markedly contrasting infrared spectra may serve as 
additional evidence in support of the hypothesis that these minerals do 
not constitute an isomorphous series, but rather are independent species. 
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EFFECT OF ALUMINUM SUBSTITUTION 


The spectra show a correlation between the wavelength of the main 
absorption peak, and the degree of aluminum substitution into the crys- 
tal. Thus, the spectra of quartz, with no aluminum substitution, has its | 
major peak at 9.18 microns, while the spectra of noselite, sodalite, 
hauynite, and others, in which the (aluminum): (aluminum -silicon) 
ratio approaches the limiting value of 0.5, the major peaks occur near | 
10.0 microns. Those with intermediate ratios have their major peaks © 
located at intermediate wavelengths. In Fig. 13 is shown the relationship | 
between the wavelengths of the peaks of the major absorption bands and 
the corresponding (Al):(Al+Si) ratio in the tectosilicate frameworks. 
The abscissae in Fig. 13 are represented by the published range of | 
(Al): (AI+Si) ratios for each mineral, calculated from chemical analyses | 
appearing in the literature (principally in Dana’s System of Mineralogy). 
Some of the spectra, such as those of the plagioclase feldspars, helvite, or | 
milarite, could not be correlated in this way, as they have series of peaks 
over a broad absorption band, rather than a sharp, major peak. Others, 


WAVELENGTH OF PEAK 


O° 0.1 0.2 0.3 0.4 0.5 
(Al): €l+Si) RATIO 


Fic. 13. Relationship of wavelength of absorption peak and published 
range of (Al):(AI+Si) values of tectosilicates. 
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such as lapis lazuli and wernerite, were also excluded, as their (Al): (Al 
+Si) ratios, which may vary appreciably, demand a more specific deter- 
mination to be useful. The data from 32 of the tectosilicates, are included 
in the curve. 

As the frequency of the valence-stretching vibrations varies inversely 
with the atomic masses, it might be presumed that the substitution of 
aluminum, which has a smaller mass than silicon, would result in a higher 
frequency. However, the vibrational frequency is affected also by the 
bond force-constant, which varies directly with the electronegativity 
product of the vibrating nuclei, and inversely with the internuclear dis- 
tance. As the electronegativity of aluminum is less than that of silicon, 
and as the internuclear distance of the aluminum-oxygen bond is greater 
than that of the silicon-oxygen bond, the substitution of aluminum for 
silicon results in a decreased force constant. Accordingly, the stretching 
vibrational frequency, which varies directly with the force constant, is 
also decreased, and therefore the absorption peak is shifted, as is seen 
in Fig. 13, toward the longer wavelengths. 

An idea of the wavelength shift to be expected from the effects of these 
various factors can be arrived at by calculation of the valence stretching 
frequency of the metal-oxygen bond, using the expression for an har- 
monic oscillator, »= 1307./k/u, where v is vibrations per centimeter, & is 
force-constant, dynes per centimeter (X 10~°), and wis the reduced mass 
of the vibrating nuclei of the bond. Force constant values for Al—O and 
Si—O bonds were obtained from Gordy’s (1946) empirical formula for 
the force constants of tetrahedral AB, molecules, 


rp\ 3/4 
b= 3.29 (=) — 0.40, 
a 


where x4 and «z are electronegativities of the atoms, and d is internuclear 
distance, Angstroms. (Although such calculations are not a precise treat- 
ment of the stretching vibrations in the framework, as they neglect the 
effects on a particular vibrating pair caused by bonds from neighboring 
nuclei, they can be used as an indication of the direction and approximate 
extent of shift caused by the atom substitution.) Thus, for the case of 
maximum wavelength shift, when one-half the silicon atoms in the frame- 
work have been replaced by aluminum, the calculations indicate a bath- 
ochromic shift of 0.5 micron. This is comparable to the actual shift of 
0.6 to 0.8 micron shown by those tectosilicates with the one-to-one 
aluminum-silicon ratio—from the 9.20 microns for quartz, to 10.0 for 
thomsonite, 10.3 for nephelite, 9.82 for davyne, 10.12 for sodalite, 9.96 
for noselite, and 9.97 for hauynite. 

The bathochromic shifts shown by beryllium-substituted danalite and 
helvite are substantially greater than those shown by any of the alumi- 
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num-substituted frameworks. The framework structures of both danalite 
and helvite are similar to the framework of sodalite; and, similar to the [ 
Al: Si ratio in sodalite, the Be: Si ratio in danalite and helvite is 1:1. The 
unique shape of their spectra, however, compared to those of the other 
members of the sodalite group, suggests that, unlike the substitution of 
aluminum, the substitution of the small beryllium atom may produce | 
substantial changes in the vibrational modes of the tetrahedrons in the | 
framework. | 

It is interesting to note the wavelength shift resulting from aluminum 
substitution in an isomorphous series, as is seen in the spectra of the 
scapolite group. The changes in Al:Si ratio are reflected in the wave- 
lengths of the absorption peaks. In the sample of marialite analyzed, the 
peak is at 9.64 microns, and in the sample of meionite, representing a 
higher Al:Si ratio, the absorption band has shifted toward longer wave- 
lengths, with the peak at 10.02 microns. The sample of wernerite ana- 
lyzed had a spectra closely similar to that of the marialite, although the 
peak wavelength has shifted somewhat—from 9.64 to 9.74 microns. The 
spectra of scapolites should provide a convenient method of character- 
izing their compositions, since their positions in the isomorphous series 
ought to bear a direct correlation with the positions of their absorption 
peaks. Analysis of a series of scapolites for which the Al:Si ratio had been 
closely determined would provide the curve of the relationship of peak 
wavelength and aluminum content, from which the Al composition of an 
unknown could be determined. 


CONCLUSIONS 


Interesting group correlations were made of the infrared spectra of the 
tectosilicates analyzed, and in many of the spectra features of individual 
interest occurred. Generally, as little as a few milligrams of the tectosili- 
cates could be detected from their major absorption peaks. The occur- 
rence of the major absorption bands within a relatively narrow wave- 
length interval of the spectrum was advantageous in characterizing the 
spectra as a group; however, the accompanying lack of specificity of the 
spectra has the result of limiting the quantitative or qualitative detection 
of the tectosilicates in mixtures. Thus, only a few of the spectra, such as | 
those of quartz, danalite, helvite, sodalite, and marialite have discrete | 
substantial absorption peaks outside the wavelength range of the major| 
absorption bands. Perhaps the extension of the spectra from the 15 mi-| 
cron region to the 28 or 30 micron region would prove of particular value, 
as it is possible that the region of longer wavelengths, where the lower-/| 
energy, bond-bending absorption bands occur, might reveal greater con-|f 


trast among the spectra. 
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SERPENTINITE-LIMESTONE CONTACT AT TALERI 
MOHAMMAD JAN, ZHOB VALLEY, WEST 
PAKISTAN* 


S. A. Brrcramti,t Department of Mineralogy and Petrology, 
Harvard University, Cambridge, Mass. 


ABSTRACT 


Mineralogical and petrographic description is given of a serpentinite-limestone contact 
at Taleri Mohammad Jan, West Pakistan. Chemical analyses and optical properties of a 
diopside, an idocrase and a clinochlore are given and their possible mode of origin discussed. 


INTRODUCTION 


Taleri Mohammad Jan is a small village about seven miles northwest 
of Hindubagh, West Pakistan (Fig. 1). Here serpentinite is in contact 
with limestone and an interesting suite of contact minerals (wollastonite, 
grossularite, idocrase, clinochlore, diopside, etc.) is developed. Unfor- | 
tunately the area was visited early by amateur mineral collectors, who |} 
indiscriminately used explosives to obtain idocrase crystals; consequently 
at most places the contacts between the igneous and the sedimentary | 
rocks can only be inferred. No work has been done on these rocks before. 
The present paper is the first attempt at describing the mineralogy and 
petrology of the rocks of this area and forms a part of the study of the 
Zhob Valley igneous complex. 


PETROGRAPHY 


The rocks described here were collected from the contacts between a || 


stoped limestone block and the enclosing serpentinite. The limestone 
block is about 2,000 square meters in area and projects above the ser- 
pentinite surface from 0 to 30 meters; the downward extent is not known. 
At the contact the serpentinite is very fine grained and chocolate brown 
in color. Away from the contact the limestone is buff colored and very 
fine grained. At the contact, however, recrystallization has taken place 
and the limestone is also traversed by veins of green idocrase and color- 
less clinochlore. The veins are from a fraction of a centimeter to 7 or 8 
centimeters thick, are several meters long, and do not follow any definite | 
direction or pattern. Intersection of veins is common. In addition, ido- || 
crase, clinochlore and grossularite are also developed on joint and frac- 
ture planes and it is only here that euhedral crystals of idocrase and_| 
grossularite are developed. 


* Contribution No. 391, Department of Mineralogy and Petrology, Harvard University, q 
Cambridge 38, Mass. ] 
} 

} Present address, Department of Geology, University of Karachi, Karachi, Pakistan. | 
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Fic. 1. Map of West Pakistan showing the location of Hindubagh. 


Under the microscope the contact serpentinite (Specimen B-7*) is com- 
posed of colorless antigorite, euhedral sphene, veins of grossularite, ido- 
crase, clinochlore and a few anhedral crystals of picotite. Rarely diopside 
crystals also occur. Antigorite is colorless and cryptocrystalline. Sphene 
is euhedral in form and is markedly pleochroic from pale pink to brown. 
It occurs as individual grains and in small veinlets. Most of the veins 
and grains have altered to leucoxene. Grossularite is in clear, colorless, 
euhedral crystals which when magnified 300 are of the size of a pin- 
head. They occur in irregular veins as well as in crystal aggregates. Ido- 
crase in clear colorless crystals is in veins and patches and shows typical 
abnormal interference colors. The chlorite occurs in very minor amounts, 
is extremely fine grained and shows abnormal interference colors. Picotite 
in dark green crystals is also very minor in amount. Colorless diopside 
and needles of apatite occur in some specimens. 

The contact limestone shows greater variation than the serpentinite 


* Numbers refer to collections in Department of Geology, University of Minnesota, 
Minneapolis and Department of Mineralogy, Harvard University, Cambridge, Mass. 
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and it is necessary to describe some of the specimens in detail. Specimen 
B-1. Very fine grained, buff colored rock in which no minerals can be recog- 
nised in the handspecimen. In this section the rock is composed of almost 
equal proportions of wollastonite, idocrase and grossularite. Wollastonite 
occurs as prismatic crystals, some of which are poorly developed, are dirty 
brown in color (probably due to minute inclusions), show one set of per- 
fect cleavages and an extinction angle (X:c) of 44°. The mineral is 
optically negative with a 2V =38°. Idocrase is in clear, colorless, irregular 
plates with no cleavages and abnormal interference colors. Grossularite 
occurs in irregular, pale brown patches and is intergrown with idocrase. 
All the three minerals appear to have developed simultaneously, al- 
though there appear to be second generations of wollastonite and ido- 
crase which form veins and exhibit euhedral form. 

Variation from the above specimen is exhibited by another contact 
specimen (B-3) which is extremely fine grained and earthy yellow in 
color. At the contact with serpentinite the limestone has acquired a 
greenish tint and a gradation from limestone to serpentinite can be seen. 
Idocrase and clinochlore are developed on the surface of the specimen. 
The age relationships of the two minerals are rather confusing but it ap- 
pears that the two minerals developed simultaneously. In thin section 
the rock is composed of pale brown, poorly developed garnet, ill-formed 
crystals and needles of wollastonite, sporadic crystals of idocrase and 
clinochlore. The last two minerals also form veins. The garnet forms the 
bulk of the slide and encloses wollastonite and idocrase. The clinochlore 
veins do not follow any definite direction but show a banded structure 
under crossed nicols. Branching and closing of idocrase and clinochlore 
veins is common, although veins composed of one mineral do not inter- 
sect those composed of the other. Rarely the two minerals occur in the 
same vein. 

In one contact specimen (B-8) yellow chondrodite is developed in 
addition to garnet, colorless clinochlore and antigorite, wollastonite and 
spinel, all cut by later composite veins. Chondrodite is yellow in color, 
does not show any form, is faintly pleochroic from pale yellow to yellow- 
ish brown and in places is altered to a serpentinous mineral. The com- 
posite veins consist of idocrase, clinochlore and antigorite. The limestone 
is traversed by serpentinite veins and at the contact these veins are very 
fine grained. Under crossed nicols the serpentine (antigorite) shows 
banded structure (Fig. 2). About one centimeter from the contact anti- 
gorite of the vein is replaced by a colorless clinochlore and the line of con- 
tact between the two minerals is quite sharp. One centimeter from this 
contact idocrase makes its appearance in composite veins. It is colorless, 
anhedral in form and is intergrown with clinochlore (Fig. 3). The mineral 
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I'1c. 2, Photomicrograph showing banded structure in antigorite. Crossed nicols. X40. 
I'rc. 3. Photomicrograph of composite vein showing intergrowth 
between idocrase and clinochlore. X40. 


does not appear to be different from the variety described before. In some 
composite veins idocrase occurs as inclusions in clinochlore (Fig. 4). 
Other specimens taken a few centimeters from the contact show develop- 
ment of clear grossularite crystals. Under the microscope these specimens 
(B-14 and B-14A) are composed of wollastonite, prehnite, grossularite 
(a9= 11.851 A), a little chlorite and biotite. Skeletal crystals of ilmenite 
are evenly distributed throughout the slide. Prehnite is colorless and 
anhedral in form with one set of well developed cleavages. The mineral is 
optically positive with a moderate 2V. Chlorite is pale green in color and 
markedly pleochroic from pale green to green. Biotite is in very small 
amounts and is pale brown to colorless. Skeletal crystals of ilmenite are 
mostly altered to leucoxene. In specimen B-14A, a little clear albite is also 
present, and prehnite shows bow tie structure. Another contact specimen 
(B-12), is very fine grained and unusually rich in sphene. The mineral is 
dark brown in color, is strongly pleochroic and is replaced by idocrase, 
which occurs in colorless crystals in veins cutting across all other min- 
erals. 

In another contact specimen (B-13) pale brown garnet, colorless diop- 
side, apatite and a little sphene are present and are cut by antigorite 
veins. Garnet shows rounded crystals (Fig. 5) and alteration to a dense 
brown isotropic material. Other minerals do not show any variation from 
those described above. 

A marked variation from the above described specimens is shown by 
B-4, which is a medium grained, dark colored rock with euhedral crystals 
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of chromite set in a very fine grained dark matrix. The rock is composed of 


pale green chlorite, pink garnet, euhedral chromite, spinel and a little 
kaolinite. Chlorite is pale green, shows one set of well developed cleavages 
and has a bleached appearance in parts. It shows abnormal interference 
colors, uniformly in the bleached and unbleached parts; the refractive 
index y is 1.585, the 2V is 25° and it is optically negative. Most of the 
chlorite appears to have formed by the alteration of garnet. Inclusions of 


minute chromite crystals in chlorite are common. Garnet is pale pinkish | 


brown in color, shows anhedral form and is partly altered to chlorite. 
Spinel is almost colorless, shows anhedral form and occurs as individual 
crystals as well as crystal aggregates. Euhedral crystals of chromite are 


evenly distributed throughout the slide. Kaolinite occurs in small color- 


Fic. 4. Photomicrograph of composite vein showing inclusions of 
idocrase crystals in clinochlore. X40. 

Fic. 5. Photomicrograph showing rounded grossularite crystals in 
a matrix of colorless antigorite. X40. 


less patches, is extremely fine grained and shows wavy extinction, pos-|)) 


sibly due to its very fine grained nature. 


In addition to the above, the limestone is traversed by veins of ido-|)) 


| 
| 


crase. These veins range from a fraction of a centimeter to 7 or 8 centi- 
meters in thickness and do not follow any definite direction. In the hand-} 
specimen the veins seem to be composed almost entirely of massive or 


crystalline idocrase. In the crystalline veins idocrase crystals are from a| 
millimeter to 2 centimeters long and up to about one centimeter thick. | 
They vary from pale to dark brownish green in color and show a pearly} 
luster. All crystals show perfect prism faces and rarely bipyramidal 
crystals are also found. In this sections some specimens (B-17, B-17A),}, 
exhibit a core of colorless diopside, and brown garnet is often present... 
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Idocrase is anhedral in form and colorless although some crystals show a 
pale brown color. The mineral occurs in veins as well as in the ground- 
mass of the thin sections and the former shows a better crystal form. 
Faint zoning, twinning and undulose extinction are exhibited by some 
crystals. Garnet does not show any crystal form and appears to be inter- 
grown with diopside and the groundmass idocrase. Diopside is colorless 
and in very minute crystals which are intergrown with or included in the 
idocrase. A little wollastonite is present in some slides. The best develop- 
ment of the diopside is exhibited in B-17A, where the mineral forms the 
core of an idocrase vein about 24 centimeters thick. The vein consists of 
pale green idocrase crystals which are 2 to 3 millimeters long and show 
pearly luster. In thin section the rock is composed of colorless, granular 
diopside, veins of colorless chlorite and a colorless mineral, possibly 
chondrodite. Idocrase does not show any variation from the above de- 
scribed varieties. Diopside is granular in form, has two sets of well de- 
veloped cleavages and often shows simple and multiple twins. Optical 
properties of the mineral and a chemical analysis with comparisons are 
given in Tables 1 and 2. Chlorite is colorless, extremely fine grained and 
shows abnormal interference colors. A few crystals of dolomite enclosing 
diopside are present in some specimens. A pale yellowish brown idocrase 
traversed by veins of colorless diopside is present in another veins speci- 
men (B-18). Primary (?) calcite is also present in this slide. 


CHEMICAL MINERALOGY 

Diopside. A chemical analysis of a diopside from an idocrase vein is 
given in Table 1 (analysis 1) with a comparison. It is higher in MgO and 
CaO and lower in total iron and alkalies than the diopside from the 
skarn rock (Table 1, anal. 3). The presence of 0.75% of CO: in the anal- 
ysis may be due to minute calcite or dolomite inclusions in the diopside. 
The carbonate may be an alteration product of the diopside. The deter- 
mined refractive indices of this diopside agree well with the values ob- 
tained by plotting the analysis on Hess’s graphs for refractive indices and 
chemical composition of clinopyroxenes (Hess, 1949, 641). The struc- 
tural formula of the diopside calculated on the basis of 6 oxygen atoms is 
given in Table 3 and is in general agreement with the theoretical formula 
for the mineral. The summation of the Z positions is slightly lower than 
the theoretical value of the group and this would seem to confirm the 
earlier suggestion of the carbonate alteration of the mineral which would 
decrease its silica content. 

Clinochlore. The clinochlore analysis is compared with an analysis of a 
leuchtenbergite, a variety of clinochlore (Hey, 1954, 280), in Table 1 
(anal. 4 and 6). The two analyses show general similarity but the mineral 


1014 S. A. BILGRAMI 


TABLE 1. CHEMICAL ANALYSES OF DIOPSIDE, CLINOCHLORE 
AND IDOCRASE WITH COMPARISONS 


1 2 3 4 5 6 7 8 9 10 11 
SiO2 §3.46. 54.22) 53.79) © 32.39) 32/60me 31440 36091 SE NS6in7 De SOO 2 Mint Oma tees 
Al2Os 0.34 0.34 1.41 16752. 9 10.60) 07362) 9 920-S:7 en Omeemionek2 Pycsa Vif 0.74 
TiO2 0.00 0.00 0.04 0.05 0.05 = 0.11 0.31 0.31 0.04 tr 
Fe20s 0.08 0.09 0.33 0.38 0.38 — 0.07 Dei 4.71 2.94 3.62 
FeO 139) 1.40 2.60 2.78 2.80 tr 0.46 1S 0.67 Divoul 12 
MnO 0.24 0.24 0.22 0.29 0.29 tr 0.09 0.30 0.30 0.16 0.08 
MgO ALO SKY NORGE SSA SSIES S/S! 3.01 3.22 3.18 43.42 40.12 
CaO 25.94 25.56 24.66 0.99 0.77 tr 36.36 35.60 36.01 tr tr 
Na2O 0.00 0.00 0.14 0.03 0.03 = 0.02 0.09 0.25 0.31 nil 
K20 0.01 0.01 0.04 0.02 0.02 = 0.01 0.02 0.20 0.12 nil 
H20f 0.32 0.32 ORO) 24a OD eo RLS) 2.38 2.04 2.70 916 W274: 
H207 0.06 0.06 0.04 0.23 0.23 ss 0.00 = = 0.46 0.32 
1 = 0.03 0.76 = = — 


0.23 


Q 
cS 
~ 
on 
| 
| 


100.09 100.00 1)0.01 99.62 100.00 99.89 99,82 99.92 99.97 100.15f 100.16 


1. Diopside, Taleri. Analyst C. O. Ingamells. 
2. Same as above recalculated to 100% after deducting 1.5% calcite. 
3. Diopside, Skarn rock from Clifton Mine, St. Lawrence Co., N. Y. (Hess, 1949, 662, anal. 36). Analyst 
Lee C. Peck. 
. Clinochlore, Taleri. Analyst C. O. Ingamells. 
. Same as above recalculated to 100% after deducting 0.46% calcite. 
. Leuchtenbergite, colorless to pale green, in metamorphosed limestone, Philipsburg, Mont. (Shannon, 
1923). Analyst E. V. Shannon. 
7. Idocrase, Taleri. Analyst C. O. Ingamells. 
8. Green idocrase, limestone quarry near Sala, Sweden (Wickman, 1950). Analyst K. Johnson. 
9, Green idocrase at contact of marble with serpentine and amphibolite. (Sedlacek, 1949). Analyst 
Sedlacek. | 
10. Typical dunite of the Hindubagh area. Analyst S. A. Bilgrami. 
11. Green lizardite from a serpentine xenolith in rodingite. Analyst R. A. Howie (Bilgrami and Howie, 
1960). 


awn 


* Total includes 0.91% BeOs. 
¢ Total includes CreO3=0.53% and PxO; =0.12%. 


TABLE 2. OPTICAL PROPERTIES* OF DiopstpDE, CLINOCHLORE 
AND IDOCRASE WITH COMPARISONS 


1 3 4 6 7 8 9 


a ore 1.6681 1.6740 1.5911 SF 17122, th Biss EY 


B 1.6753 1.6805 = 1.572 a ies = 
yoro 1.6972 1.7029) 455961 19575 1 1072720 Ve 7idowetos 
ya 0.0291 0.0289 0.005 0.003 0.0139 0.0023 0.003 
2V 554° 569° 15°01 98 6-142 = te —_ 
ZC Shue SOR i ts ar = ~- — 
Sg. 3.255 DeypD et CURIE URE 3.376 


Numbers same as in Table 1. 
* All determinations in sodium light. Values +0.002. 
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TABLE 3. STRUCTURAL FORMULAE OF DriopsIDE, CLINICHLORE AND VESUVIANITE 


2 5 7 
Si 1.967 3.075 8.630 9.00 
[ .925}4.00 (0.370 
Al O015\) 96 cig ae 4 00 
.923 1.257) 
Ti 0.000 0.003 0.011 
Fe!” 0.002 0.026 0.018 
Fe’ 0.053 0.220 0.090 Zo) 
Mn 0.007 0.022 5.97 0.017 
Mg 0.968 4.707 1.124 0.624 
2.04 0.500 
Ca 1.012 0.067 9.137 
Na 0.000 0.004 0.008 2 
K 0.004 0.002 0.002 
OH = 7.850 7.85 Bee 4 
F = = 0.021 ot 


2. Diopside from Taleri. Cations on the basis of 6(O). 
Formula = (Ca, Mg, Fe)2.o4(Si, Al)1.98(O)6. 
5. Clinochlore, Taleri. Cations on the basis of 18(0, OH, F). 
Formula = (Si, Al)4(Al, Mg, Fe)s.97(O)10(OH)z. 5. 
7. Idocrase, Taleri. Cations on the basis of 38(0, OH, F). 
Formula= (Ca, Mg)o.65(Mg, Fe)2.00Als.o0Si9.00(O)3a(OH, F)s.74. 
Numbers 2, 5, and 7, same as in Table 1. 


described by Shannon (anal. 6) appears to be quite unique in the sim- 
plicity of its chemical composition. The Taleri clinochlore when plotted 
on Hey’s diagrams for chlorites (Hey, 1954, Figs. 1a and 4) falls within 
the clinochlore field and the determined refractive indices are in close 
agreement with those obtained from his diagrams. The structural for- 
mula of the mineral calculated on the basis of 18(0, OH) is given in 
Table 3 and agrees well with the theoretical formula (Si, Al)4(Al, Mg, 
Fe)s(OH)s(O)10. It will be seen that slightly over half the total Al present 
in the mineral is placed in the Z positions replacing Si. This would cause 
a charge imbalance and is compensated by the replacement of Mg by Fe’’’ 
and Ti. 

Idocrase. A chemical analysis of Taleri idocrase is compared with anal- 
yses of two specimens from different localities (Table 1, anal. 7-9). The 
three analyses show close similarity although the Taleri specimen is 
higher in alumina and lower in total iron and alkalies. The high alumina 
content of the Taleri specimen is a unique feature and search of the 
literature has shown that idocrase with comparable alumina content is 
rare. The structural formula of the mineral calculated on the basis of 
38(O, OH, F) is given in Table 3 and is in close agreement with the gen- 
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eral formula of the mineral given by Warren and Modell (1931). In calcu- 
lating the structural formula Si—Al, Al, and Fe—Mg positions were 
filled to their theoretical values and the excess of Mg was allotted to Ca 
position to make up part of the deficiency in this group. This deficiency 
appears to be due to the replacement of calcium by magnesium. Water is 
slightly lower than the theoretical value and may be due to the fact that 
silicate minerals do not release all their structural water on being heated 
in a glass tube. No attempt has been made to correlate the optical prop- 
erties of idocrase with its chemical composition but it appears from the 
available data that no simple relationships exist. 


DISTRIBUTION OF TRACE ELEMENTS 


The distribution of trace elements in some of the minerals and rocks of 
the Taleri area is given in Table 4. The trace elements have been deter- 
mined on an optical spectrograph using D.C. arc and standard samples 
for comparison. The accuracy of the determinations is considered to be 
+ 30%. 

With the notable exception of Ba and Sr most elements in the minerals 
show values closer to the contact serpentinite than the limestone and this 
suggests that the serpentinite was the source of these elements. Lime- 
stone, however, appears to be the source of Ba and Sr, which are char- 
acterstically high in this rock. In idocrase and diopside Ni, Co and Cr 
follow Mg but clinochlore shows a low content of all the trace elements 
determined. Copper appears to vary sympathetically with Siand V seems 
to follow total iron. These trends are in general agreement with the be- 
havior of these elements in the rocks and minerals from other areas 
(Wager and Mitchell, 1951, Nockolds and Allen, 1953, 1954 and 1956). 


TABLE 4. DISTRIBUTION OF TRACE ELEMENTS IN THE ROCKS AND 
MINERALS OF TALERI MoHAmMMaAD JAN AREA 


All values in parts per million. +30% 


Specimen 
Cu Ni Co Vv (Cie Ba Sr 
Limestone <<) <4 <3) <a 8 75 900. 
Contact serpentinite 220 250 60 12 350 10 A) 
Idocrase 100 5 3 15 2 10 500. 
Clinochlore 20 4 5 10 5 <5) 10 
Diopside 115 70 35 100 150 <9 80 


Analyst S. A. Bilgrami. 
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PETROGENESIS 

The rocks and minerals described here appear to be the result of two 
different but probably related processes. 

Contact Metamorphism. The contact metamorphism of the limestone 
by the dunite will result in the formation of wollastonite and grossularite. 
At moderately high temperatures no excessive pressure is needed for the 
formation of these minerals (Fyfe, Turner and Verhoogen, 1958, 156). 
Fyfe and Turner (1958, 156) are of the opinion that if excess silica is pres- 
ent anorthite and wollastonite would form and since anorthite has not 
been identified in the rocks of Taleri area there appears to have been a 
slight deficiency of silica which is also reflected in the chemical composi- 
tion of the minerals from this area. 

Hydrothermal Activity. The extensive serpentinization and the develop- 
ment of hydrous minerals like chlorites and idocrase all point to a large 
scale hydrothermal activity. The development of clinochlore and ido- 
crase, however, also requires large amounts of alumina, part of which 
would be available during the serpentinization of the dunite (by break- 
down of orthopyroxene and spinels) and the remainder was probably 
supplied by the limestone. That alumina is released during the serpentini- 
zation of dunites is suggested by the fact that natural serpentines do not 
accommodate much Al in their structure. Analyses of a dunite and a 
serpentine mineral (lizardite) from the adjoining Hindubagh area (Table 
1, anal. 10 and 11) also illustrate this fact. The above postulated hydro- 
thermal activity, however, raises the problem of the stability of grossu- 
larite in hydrothermal environment (Flint, McMurdie and Wells, 1941, 
and Yoder, 1950). Fyfe and Kennedy found that “‘the synthesis of hydro- 
garnets is due to loss of silica from the system during the hydrothermal 
experiment” (Fyfe, Turner, and Verhoogen, 1958, 156). They further 
noted that hydrogarnets were not formed in the presence of excess silica. 
The absence of quartz and hydrogarnets from the rocks of Taleri area 
suggests that in natural environment there might be factors other than 
the mere deficiency of silica contributing to the formation of hydro- 
garnets. 

Goldschmidt (1911) has suggested that idocrase might form through 
the reaction of grossularite and wollastonite with the addition of water 
and MgO. While it is possible that some of the idocrase of the Taleri area 
might have formed thus, the petrographic evidence is wholly lacking. 

Roy and Roy (1955, 156-157) have demonstrated that clinochlore 
shows a very wide range of temperture and pressure conditions of forma- 
tion and a fairly wide range of association. From their experimental work 
on the system MgO—AI,0;—SiO.—H,0 they concluded that high pres- 
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sures greatly stabilize clinochlore (p. 156). According to them clinochlore 
is a stable mineral at least as low as 450° C., when it forms at the expense 
of an aluminous serpentine. This, however, does not mean that clinochlore 
is not stable below this temperature. These observations, coupled with 
our knowledge of the paragenesis of idocrase and grossularite, would sug- 
gest that the temperature of the hydrothermal! solutions responsible for 
the development of clinochlore in the Taleri area was at least 450° C., and 
the extensive occurrence of this mineral would also suggest the prevalence 
of high pressures. 

The variation in the mineralogy exhibited by rocks under consideration 
may be due, in part at least, to the compositional variations in the lime- 
stone. 
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SELECTIVE STAINING OF K-FELDSPAR AND 
PLAGIOCLASE ON ROCK SLABS AND THIN 
SECTIONS 


Epcar H. BaiLEy AND ROLLIN E. STEVENS, | 
U.S. Geological Survey, Menlo Park, California. 


ABSTRACT 


This note describes a new method of selectively staining plagioclase in which a surface ||) 
etched with hydrofluoric acid is dipped into a solution of barium chloride, rinsed, and || 
treated with a solution of potassium rhodizonate. Plagioclase feldspars other than pure 
sodium feldspar are thus stained a brick red by barium rhodizonate. This procedure is jf) 
combined with the cobaltinitrite staining of K-feldspar to stain K-feldspar yellow and 
plagioclase red on polished rock surfaces and uncovered thin sections. 


This paper describes a method for differentially staining K-feldspar 
yellow and plagioclase red on slab surfaces or uncovered thin sections. 
Figure 1 shows a specimen of granitic rock that has been stained uaa 
the method. 

The new method of staining plagioclase feldspar consists of etching the 
specimen with hydrofluoric acid vapor, dipping it in barium chloride solu- 
tion, rinsing, and treating the surface with a solution of potassium rhodi 
zonate. Plagioclase is thus stained brick red. This method of staining 
plagioclase is combined with the cobaltinitrite staining of K-feldspar to 
stain K-feldspar yellow and plagioclase red. Staining of K-feldspar with 
cobaltinitrite was proposed by Gabriel and Cox (1929) and further de-} 
veloped in studies by Keith (1939A and B), Chayes (1952) and Rosen- 
blum (1956). 

It seems apparent that the etch-residues left after the hydrofluoric 
acid treatment are stained, and not the feldspars themselves. Unetched; 
feldspars are not visibly stained. In etching the specimen with hydro- 
fluoric acid vapor, silicon is removed as the volatile fluoride, leaving the} 
other elements on the feldspar surface. | 

Residual potassium from the K-feldspar reacts with cobaltinitrite tol}, 
form yellow potassium cobaltinitrite. The staining of the plagioclase isi 
accomplished by replacing the calcium ion in the etched feldspar with} 
barium, which reacts with the rhodizonate reagent to form red insoluble} 
barium rhodizonate. Rhodizonic acid or its soluble salts produce insolu4 
ble dark red precipitates with barium (see Yoe and Sarver, 1941). 

Pure albite did not become stained by the treatment with barium ionl) 
and rhodizonate, but albite with calcium corresponding to only 3 per cent 
of anorthite was stained red. Apparently sodium in the etch-residue from 
albite is not readily replaced by barium; however, it may be replaced b 
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potassium. After immersing etched albite in a solution of potassium 
chloride, it may be stained yellow with cobaltinitrite, showing that po- 
tassium ion has substituted for sodium in the etch-residue. By this 
method plagioclase, except perhaps for nearly pure anorthite, as well as 
the K-feldspar, can be stained yellow with cobaltinitrite. 

On surfaces stained by the two-color method, the yellow K-feldspar 
and red plagioclase are sharply defined. Textures not readily seen when 
only K-feldspar is stained become clearly visible, and small particles of 
one feldspar within the other can be seen. In some specimens zoning is 
brought out by minor differences in color. 

Many practical applications of the two-color staining are apparent. 
For example, rapid and accurate modal analyses can be made on thin 
sections as the grain boundaries are clearly defined. On stained hand 
specimens modal analyses can be made, by the methods of Jackson and 
Ross (1956), by assistants with little or no mineralogical training. Paul C. 
Bateman, of the U. S. Geological Survey, is successfully using 35 mm. 
color transparencies of hand specimens stained two colors in making 
modal analyses of granitic rocks under the microscope (personal com- 
munication). Stained slabs should prove particularly effective in demon- 
strating to students the interrelations of the K-feldspar, plagioclase, 
quartz, and dark ferromagnesian minerals because of their brilliant color 
contrasts. 


ELIMINATION OF POROSITY IN THE HAND SPECIMENS 


Porosity causes difficulty in staining plagioclase in some hand speci- 
mens. Fluoride absorbed by the porous surface may prevent staining of 
the plagioclase or cause the red color to bleach on drying. Also barium 
chloride solution may be absorbed and later come to the surface, causing 
the yellow-stained K-feldspar to be discolored with red barium rhodizon- 
ate. 

Porosity can be eliminated by soaking the rock specimen, on which a 
flat surface has been sawed and roughly polished, in molten paraffin for 
about 15 minutes. Excess paraffin is then wiped off, and the flat surface 
is polished with #400 abrasive and dried. Care should be taken not to 
touch the polished surface and thus transfer paraffin to the surface and 
prevent its being evenly etched. Other materials, such as plastics which 
may be sprayed on the specimen, may also be effective in eliminating 
porosity. 

REAGENTS AND APPARATUS 
Hydrofluoric acid, concentrated, 52% HF. Caution: HF can cause painful burns. 


Barium chloride solution, 5%. 
Sodium cobaltinitrite solution, saturated. 
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Rhodizonate reagent. Dissolve 0.05 g of rhodizonic acid potassium salt in 20 ml of I: 
distilled water. Make fresh in a small ifdnBae bottle, as the reagent solution is unstable. 
Etching vessels. Plastic vessels of about 3/4” depth and various diameters slightly less 
than those of the specimens to be etched. 
Plastic cover vessels, large enough to cover the etching vessels and specimens olacedll| 
on them for etching. 
Plastic or paraffin etching vessel to fit thin sections. 1 
Ribbed vessel to hold the cobaltinitrite solution. 


PROCEDURE FOR POLISHED SURFACES OF HAND SPECIMENS 


1. In a well-ventilated hood, pour the concentrated hydrofluoric acid | 
into an etching vessel to about 4” of the top. 

2. Place the rock specimen across the top of the etching vessel, pol- 
ished surface down 

3. Cover the Sanne vessel and specimen with an inverted plastic 
cover vessel to prevent drafts, and let stand 3 minutes. 


4. Remove the specimen from the etching vessel, dip in water, and dip 
twice quickly in and out of the barium chloride solution. 

5. Rinse the specimen briefly in water and immerse it face down for | 
minute in the sodium cobaltinitrite solution. i 

6. Rinse the specimen by gently tilting it back and forth in tap water} 
until the excess of cobaltinitrite reagent is removed from the surface. || 
The K-feldspar is stained bright yellow if the specimen has been ade-|{ 
quately etched. If the K-feldspar is not bright yellow, remove the etch 
residue by rubbing the surface under water, dry, etch again for a longer 
period, and continue from step 4. | 

7. Rinse briefly with distilled water, and cover the surface with rho- |) 
dizonate reagent. Within a few seconds the plagioclase feldspar becomes } 
brick red. When the red is of satisfactory intensity, rinse the specimen }} 
in tap water to remove excess rhodizonate. 

The procedure for polished surfaces of hand specimens needs to be}. 
modified to suit different needs. The procedure above gives brilliant col-}} 
ors which appear grainy under magnification. The brilliant colors are} 
best for demonstrating coarse features in the rock structure and for}y 
counting grains with the naked eye. When fine details of structure are tol) 
be studied under the microscope a short period of etching is desirable as} 
it gives a thin, tightly adhering etch-residue and smooth, less highly} 
colored stains. The time of etching will also have to be shortened ort} 
lengthened somewhat for different rocks, but it should be kept to a min-¥) 
imum as thick etch-residues tend to flake off of the surface and leavel) 
areas of unstained feldspar. 


The red color on hand specimens may fade on some of the grains ofl 
plagioclase when dry, presumably due to the bleaching action of fluorides 
left in the pores of the specimens. 


Wig. 1. Granitic rock with K-feldspar stained yellow by cobaltinitrite, and plagioclase 
stained red by barium rhodizonate. Actual size. 
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PROCEDURE FOR UNCOVERED THIN SECTIONS 


1. Etch the rock surface by leaving it face down for only 10 seconds 
over hydrofluoric acid at room temperature. Vole: Rinsing the slide after 
etching causes the stains to be uneven. 

2. Immerse the slide in the saturated sodium cobaltinitrite solution 
for 15 seconds. The K-feldspar is.evenly stained light yellow. 

3. Rinse the slide briefly in tap water to remove all of the cobaltini- 
trite. 

4. Dip the slide quickly in and out of the barium chloride solution. 

5. Rinse the slide briefly with tap water and then with distilled water. 

6. Cover the rock surface with the rhodizonate reagent from the drop- 
ping bottle. When the plagioclase feldspar has become pink, rinse the 
slide in tap water. 

7. Allow the slide to dry and cover it in the usual way. 

In the stained thin sections under the microscope, the K-feldspar can 
be seen to be evenly stained a pale yellow and the plagioclase pink. The 
mineral borders may be outlined by tiny spots of amber red, which seem 
to be a reaction product of rhodizonate with residual barium chloride left 
in the cracks between the mineral grains. This defect is not sufficient to 
interfere with study of the thin section. It was thought that longer wash- 
ing after the barium chloride treatment would eliminate these amber 
spots, but after 3 minutes in tap water the K-feldspar also was stained 
red by the rhodizonate. 
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CRYSTAL CHEMICAL STUDIES OF SOME 
URANYL OXIDE HYDRATES* 


C. L. CHRIST AND JOAN R. CLARK, 
U.S. Geological Survey, Washington 25, D.C. 


ABSTRACT 


Mineralogical and crystal-chemical studies have been made of the closely related uranyl | 
oxide hydrates becquerelite, billietite, fourmarierite, masuyite, schoepite, and vanden- i 
driesscheite. An essential feature of the work is the use of «-ray precession techniques with j 
carefully selected single crystals to determine accurately the crystallographic constants, the 
symmetry, and the structural relations of these minerals. Indices of refraction and optical }f 
orientation were determined on crystals both identified and oriented by the x-ray precession } 
method. Similarly identified crystals were used to obtain the indexed powder pattern date 
listed. The results obtained on the physical properties, the x-ray crystallography, the «-ray |) 
powder data, and the optical properties are listed and compared with the work of other/}> 
investigators in the 23 tables of the paper. 

Crystals of schoepite and of vandendriesscheite that are apparently single, actually \ 
consist of several crystallographically distinct phases in parallel intergrowth. The spontane 
ous alteration from one phase to another that occurs in these crystals results from loss o! 
water of hydration. All six of the minerals studied yield strikingly similar pseudo-hexagona! 
diffraction patterns. A reasonable crystal structure based on these patterns consists of 
UO2(OH)2 layers (similar to those proved by Zachariasen to exist in UO2F2) parallel to 
the perfect cleavage (001), with the water of hydration and any cations present in inter 
layer positions. 


| 


) 


INTRODUCTION 


As part of an extensive program of investigation by this laboratory on}}) 
the mineralogy and geochemistry of the Colorado Plateau, study was¥ 
initiated of the crystal structures of some uranyl oxide hydrates and re-. 
lated alkaline earth and lead salts. In the following, these minerals wilil) 
be referred to simply as uranyl oxide hydrates, the term being taken to} 
include any related salts. Prior to structure analysis, accurate determina- 
tions were begun of the unit-cell constants and space groups of the fol- 
lowing minerals: becquerelite, billietite, fourmarierite, masuyite, scho- 
epite, and vandendriesscheite. As this work progressed it became ap-! 
parent that the existing literature on these minerals was confused andl 
often contradictory. Therefore our investigation was extended to in- 
clude redetermination of the indices of refraction and optical orienta- 
tion for crystals identified from the x-ray work. In addition, «-ra 
powder photographs were made from selected crystals of each material.) 
The powder patterns were measured and the lines indexed with the ai 
of single-crystal x-ray precession patterns. All x-ray and optical datal) 
for each mineral have thus been correlated and have been combined 
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with spectrographic analysis whenever enough authentic material was 
available for such analysis. The results of these studies are presented 
here. Comparison with earlier findings is given when such comparison 
appeared warranted, but no exhaustive survey of the literature has 
been attempted. A comprehensive description of the systematic min- 
eralogy of uranium (including that of the uranyl oxide hydrates) and 
thorium has recently been published by Frondel (1958). 


DESCRIPTION OF MINERAL SPECIMENS 


All of the mineral specimens used in this study originated in the 
Shinkolobwe deposit, Katanga district, Belgian Congo. We are greatly 
indebted to Professor Clifford Frondel, Harvard University, for mak- 
ing available to us the following specimens, each of which is a type speci- 
'men from Dr. J. F. Vaes, Union Miniére du Haut Katanga: (1) billietite, 
(HM No. 104455), excellent yellow crystals ranging up to 2 mm. in size, 
“associated with green metatorbernite crystals and powdery pale-yellow 

rutherfordine; (2) masuyite, (HM No. 106524), tiny (<0.1 mm.) red- 

dish-orange to brown-orange crystals, associated with large (to 3 mm. 

length) pale-yellow lath-like crystals of rutherfordine, yellow crystals 
of becquerelite, and reddish-orange fourmarierite crystals; (3) van- 

dendriesscheite, (HM No. 106523), excellent orange crystals (about 0.2 
mm. in size), associated with well-developed becquerelite crystals and 
' green metatorbernite crystals, and with powdery pale-yellow ruther- 
fordine. 

We are also greatly indebted to Dr. George Switzer, U. S. National 
_ Museum, for loaning us the following specimens: (1) becquerelite (*USNM 
} No. R8387) in fibrous matted crystals; (2) fourmarierite (USNM No. 
_ R8396), containing orange fourmarierite crystals together with tiny 
_ rutherfordine ‘“‘whiskers”’ and reddish-brown clumps of goethite crystals; 
(3) schoepite (USNM No. 94712), crystals in various stages of alteration. 


; DESCRIPTION OF CRYSTALS 
_ Physical properties such as color, habit, and cleavage vary only 
_ slightly among the six uranyl] oxide hydrates; only billietite and masuyite 
occur as twins. A summary of these properties for each of the minerals 
is given in Table 1. It is evident that identification of any one mineral 
on the basis of these physical properties can be only tentative and «- 
, ray and optical studies are also needed for definitive characterization. 
_ The six minerals can be divided into two color classes: a predom- 
; inantly yellow group, which includes becquerelite (golden to lemon yel- 
low), billietite (deep golden yellow), and altered schoepite (schoepite IT 
and III, yellow), and a predominantly orange group, which includes 
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TaBLe 1. PHystcAL PROPERTIES OF URANYL OXIDE HyDRATES 
Name Color Habit Twinning Cleavage 
Becquerelite Goldentolemon Usually prismatic, elongated [010]; Not observed Perfect, (001) 
yellow, less com- occasionally tabular on {001} 
monly orange 
yellow 
Billietite Deep golden Tabular on {001}, pseudohexago- Usually twinson (110) Perfect, (001) 


Fourmarierite 


Masuyite 


Schoepite I 


Schoepite IT, 


yellow 


Reddish orange 


Reddish to 
brownish orange 


Amber brown to 
gold brown 


Yellow 


nal aspect 


Tabular on {001}, elongated [010], 
pseudo-hexagonal aspect 


Tabular on {001}, pseudo-hexag- 
onal aspect 


Tabular on {001}, elongated [010], 
pseudo-hexagonal aspect; (accord- 
ing to Walker (1923) also prismatic 
elongated [001]) 


As for schoepite I 


Not observed 


Invariably extensively 
twinned, both on (110) 
and (130) 


Not observed 


Not observed 


Perfect, (001); 
secondary, (100) 


Perfect, (001); 
secondary, (010) 


Perfect, (001); 
secondary, (O10 


Ill 


SR en A RS RN 


Prismatic, elongated [100], (010) Not observed 
striated parallel to [100]; also tab- 
ular on {001}, elongated [100], 


pseudohexagonal aspect 


Yellowish orange 
to orange 


Vandendries- Perfect, (001) 


scheite 


fourmarierite (reddish orange), masuyite (reddish to brownish orange) 
and vandendriesscheite (yellow orange to orange). Unaltered schoepite 
(schoepite I) is amber brown to gold brown. 

All six minerals are orthorhombic, probably holohedral, and occur ir 
one or both of two common habits: either tabular on {001} with a) 
pseudo-hexagonal outline caused by the presence of forms such as {110} i 
{111}, {100}, and {010}, or prismatic, elongated along either [100] or! 
[010] and exhibiting a variety of prism forms. Perfect cleavage is always| 
parallel to (001); some secondary cleavages are noted in Table 1. In 
the present study, billhetite, fourmarierite, masuyite, and schoepite were 
found only as tabular crystals, whereas becquerelite and vandendries- 
scheite were found both as tabular and as prismatic crystals. Excellent 
photographs, some in color, of crystals of becquerelite, billietite, four-! 
marierite, and masuyite-(?) are given by Chervet and Branche (1955). 
More recently, a remarkably beautiful series of color photographs of a 
number of uranium minerals, together with brief summaries of the 
scientific data for these minerals, have been collected in a book by 
Destas, Vaes, and Guillemin (1958). 

Twinning has been reported, and was observed in this study, only fort 
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billietite and for masuyite. Billietite twinning was described by Vaes 
(1947) and Thoreau (1948); single crystals of billietite are rare although 
some small ones (about 0.2 mm. cross section) were found on the HM 
No. 104455 specimen. The common twin we observed has twin and 
composition plane (110). Masuyite twinning was described by Vaes (1947) 
and we found it to be exactly as he described it: the twins occurring with 
(110) and with (130) as twin and composition planes. The twinning is 
persistent and distinctive, providing the only means we found for dif- 
ferentiating masuyite from fourmarierite under the microscope. The 
mode of twinning in billietite and masuyite was checked by x-ray preces- 
sion patterns, as well as by optical study. Fourmarierite was always 
found as tiny, perfect single crystals, whereas single crystals of masuyite 
for x-ray study were obtained only by careful cutting of twinned crystals. 

No attempt has been made during the present investigation to ex- 
amine crystal morphology in detail, partly because an extensive litera- 
ture on this subject already exists. Some of the more comprehensive ref- 
erences are: Schoep (1930) on becquerelite, fourmarierite and schoepite, 
Thoreau (1948) on billietite and vandendriesscheite, and Vaes (1947) 
on billietite, masuyite, and vandendriesscheite. Previous studies can 
be readily correlated with the present «-ray findings provided that the 
perfect cleavage is always taken as parallel to (001), the elongation di- 
rection is identified as noted in Table 1, and the optical orientation is 
followed as given in Table 16. Because the morphology is so similar for 
all six minerals, x-ray examination, which provides rapid and accurate 
differentiation, is preferable to any morphologic study for purposes of 
identification. 


X-RAY CRYSTALLOGRAPHY 


Single-crystal x-ray studies were made using quartz-calibrated preces- 
sion cameras with both Mo/Zr and Cu/Ni radiations (A MoKa=0.7107 
A; » CuKa=1.5418 A). Film measurements were corrected for both 
horizontal and vertical film shrinkage. For all the minerals a character- 
istic pseudo-hexagonal pattern was obtained for the kO net, which is 
the zero level normal to [001] and hence parallel to the cleavage plane 
(001). A typical pattern is illustrated in Fig. 1. A pseudo-orthohexagonal 
cell can be defined from these patterns as well as the true orthorhombic 
cell, and cell constants for each type of cell are given in Table 2. In addi- 
tion, Table 2 lists the cell volume of the true orthorhombic cell and the 
possible space groups for each mineral, including alteration forms. Non- 
centrosymmetric space groups have been included in Table 2 where 
their possibility exists according to the x-ray data alone. Piezoelectric 
tests made on an apparatus of the Giebe-Scheibe type gave negative 
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results, and since the morphology of each of the minerals is clearly t 
holohedral the assignment of centrosymmetric space groups is valid. 

Table 2 lists probable chemical formulas and cell contents for all the | 
minerals except masuyite and vandendriesscheite; the corresponding | 
calculated and observed specific gravities are compared in this table. | 
New specific gravity determinations were made of becquerelite (12 mg. 
sample) and vandendriesscheite (2 mg. sample) with the Berman balance, 
using toluene as the immersion liquid. Values of the specific gravity for 
the other minerals are taken from the literature. Discussion of the |} 
chemical formulas is included in the section on chemical considerations 
and crystal structure. 

Comparison of the data of the present study with previously reported 
data is made in Tables 3 through 8, and in the text below. Table 3 deals 
with becquerelite, Table 4 with billietite, Table 5 with fourmarierite, 
Table 6 with masuyite, Table 7 with unaltered schoepite (schoepite I), 
and Table 8 with vandendriesscheite. 


I'ic. 1, Characteristic pseudo-hexagonal hkO net, illustrated by schoepite. 
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Becquerelite, billietite, and fourmarierite 


Cell constants previously reported for becquerelite and billietite are 


in good agreement with those found during the present study except that 


a doubled value for a in billietite was given by Frondel and Cuttitta | 


(1953) (Table 4). The doubled value is found if a twin crystal, instead 
of a single crystal, is examined by [100] rotation x-ray photographs. 
This result arises from the fact that in billietite, the twinning on (110), 


following the classical law for pseudo-hexagonal lattices, brings about | 


the almost parallel alignment of the [110] direction of one member of 


the twin edifice with the [100] direction of its pseudosymmetrically re- | 


lated member. Since, for billietite, a=7.14 A and [110]=14.03 A, ice. 


very nearly 2a, a rotation pattern made around this common direction |f 
will have layer-line geometry leading to the doubled value. The smaller | 


value of a originally given by Brasseur (1949) is correct. The calculated 


TABLE 3. CrysTAL DATA FOR BECQUERELITE 


Comparison of the results of various investigators 


Present study 


5 Fs Frondel and 5 Billiet and de 
(Cell constants Protas (1957) Cuttitta (1953) Brasseur (1948) Jong (1935) 
+ 0.3%) 
a 13.86 A 13.86+0.03A”  13.92+0.005 A al 13.9 kX 
b 12.38 12.42+ 0.03 12.45+0.005 mea WA SS) 
eC 14.96 14.96+ 0.03 15.09+ 0.005 — 14.9 
@20%6 PPL Os iike hp Sat Clery Ai Ors Aber eed (0)5)) cum Glvet delet Lees) — 1, 107s se 
Vol. unit cell 25607 A (2575 A3) (2615 A?) = 2600 kX 
Formula proposed CaO-6UOs3- CaO -6U0O3:11H2O 7U03: 11H20 UO3-2H20 2U03:3H20 
11H20* 
Z 4 4 4 24 13 
Space group Pnma- (No. — Pmma Pnma® — 


62), prob., or 
Pn2ia- (No. 33) 


Spec. grav. (calc.) 5.10+0.01 (5.08) 5.60 (4.98)! (5.25)% 


Spec. grav. (obs.) 5.14+0.06 5,.12+0.02 mineral 5.3 (approx.) 5.0904 0.035 G7) 
5.10+ 0.02 synthetic 


* After Protas (1957). 

» Errors listed are those assigned by original authors. 

© Quantities enclosed in parentheses calculated by present authors from data of original authors, except as 
indicated in footnotes f and g below. 

4 Brasseur states that he found values of a, b, and c in agreement with those of Billiet and de Jong (1935). 

© Brasseur is apparently quoting Wolfe, private communication (1941), in Palache, Berman, and Frondel 
(1944). 

f Calculated for a, b, ¢ of present study and cell contents 24[UO3-2H2O]. 

® Calculated for a, b, c of present study and cell contents 13{2UOs:3H20]. 
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TABLE 4. CrySTAL DATA FOR BILLIETITE 


Comparison of the results of various investigators. 


Present Study Frondel and Cuttitta 


(Cell constants +0.3%) ree) (1953) 
a Teta AS vat 7.10kX 14.25Ae 13.98 Ad 
b 12.08 12.06 12.04 12.08 
6 =10 15.06 15.06 15.06 
aibic 0.591:1:1.250 0.5887:1:1.2486 GIS ase? 5110) 

GRR 7a Mis 77) 

Vol. unit cell 1303 As (1290 kX3)> (2584 A’) (2543 A’) 
Formula proposed BaO-6U0;:11H2,0* BaO-6U0O;-11H2O BaO-6UO3-11H20 
Zi 2 2 4 
Space group Pnmn-(No. 58), prob., Pnnm Pmma 
| or Pn2n-(No. 34) 
Spec. grav. (calc.) Sth (Ge) Se) 5.40 
Spec. grav. (obs.) == Dos} ae? 5.36 


@ After Brasseur (1949). 

> Quantities in parentheses calculated by present authors from data of original authors. 
¢ Crystal from HM No. 104456; error in lattice constants listed by authors as +0.005 A. 
4 Crystal from HM No. 104455; error in lattice constants listed by authors as 0.005 A. 


‘angle of obliquity for billietite twinning is 1°11’. Fourmarierite cell con- 
stants found in the present study are in reasonable agreement with 
those reported by Brasseur (1941) (Table 5). 


TABLE 5. CRYSTAL DATA FOR FOURMARIERITE 


Comparison of the results of various investigators. 


Present study 


(Cell constants +0.3%) Brasreun Coats) 


a 14.00A 14.07 kX 
b 16.47 16.72 
C 14.39 14.52> 
a:bic 0.850:1:0.874 (0.842:1:0.868)¢ 
Vol. unit cell 3318 As (3416 kX) 
Formula proposed PbO-4U03-4H20? PbO-4U0;:7H20 
Li 8 8 
Space group Bbmm-(No. 63), prob., — 

Bb2\m-(No. 36), or 

Bbm2-(No. 40) 

Spec. gravity (calc.) 5.76 Sri 
Spec. gravity (obs.) = 5.740+0.051 


® Best fit to observed specific gravity of Brasseur (1948). 

> The a- and c-axes of Brasseur (1941) interchanged to conform to convention of present 
uthors. 

° Quantities in parentheses calculated by present authors from data of original author. 
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Masuyite 


The large cell edges given for masuyite in Table 2 and in Table 6 are 
required by the presence of some faint, diffuse, and relatively sparse spots 
on the precession patterns. Previous investigators have reported smaller 
cells: Brasseur (1950) gives a= 14.06, 6=12.06, c=14.25 kX, and J. W. 
Frondel in Frondel (1958) gives a= 13.90, b=12.31, c=14.92 A. If the 
faint spots are neglected, the results obtained in the present study lead 
to cell edges of a=13.98, 6=12.11, and c=14.20 A, in agreement with 
Brasseur’s values. The value for the length of the c-axis found by J. W. 
Frondel differs significantly from that found by Brasseur and by us. 
It does, in fact, agree well with the c for becquerelite, and it is possible 
that the cell constants given by Frondel (1958) for masuyite are actually 
those of becquerelite. Brasseur gives the space group Pcna for masuyite, 
in agreement with our findings, the faint spots again being neglected. 
It was not possible to determine the space group of the large cell. Al- 
though great care was exercised in trying to use only single crystals in 
the x-ray work for masuyite, it is possible that the mineral is twinned on 
a fine scale, and that this twinning could lead to the large cell edges 
found. The results of Brasseur and Frondel for masuyite are compared 
with the results of the present study in Table 6. 


Schoe pite 


Crystals of schoepite that are apparently single yield multiple dif- 
fraction patterns. These multiple patterns correspond to the presence of | 
two out of three possible distinct orthorhombic phases in parallel inter- | 


TABLE 6. CrysTAL DATA FOR MASUYITE 


Comparison of the results of various investigators. 


Present study Present study— 
(Cell constants neglecting very Brasseur (1950) Frondel (1958) 


+0.3%) weak hkl 
a 41.93 A 13.98A 14.06 kX 13.90 A 
b 24.22 12.11 12.06 12.31 
c 42.61 14.20 14.24 14.92 
a:bic 1.731:1:47750. 1.45451:1,172 11,166: 12 12180 1k 190-0) eee 
Vol. unit cell 43272 A’ 2404 As 2415 kX3 2553 As 
Formula proposed — = = UO;:2H,0> 


Space group = Pena-(No. 50) — Pena-(No. 50) —— 


* Crystallography by J. W. Frondel. The crystal data may be for becquerelite (see 
Table 3). 


> Chemical analysis by F’. Cuttitta. Note, however, that Vaes (1947) described masuyite 
as a Pb-bearing mineral. 
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TaBLE 7, CrysTaL DATA FoR SCHOEPITE I (UNALTERED SCHOEPITE) 


Comparison of the results of various investigators. 


Present Study (Cell Billiet and Palache (1934); 
constants +0.3%) de Jong (1935) Schoep (1932) 
a 14.33 A = 14.40 kX aa 
b 16.79 16.89 _ 
¢ 14.73 14.75 -- 
a:bic 0.854:1:0.877 0.852:1:0.873 0.8516:1:0.8745° 
Vol. unit cell 3544 As 3590 kX? — 
Formula proposed UO3;:2H20? 4U0;-9H20 3U03:7H20° 
Z 62 8 -- 
Space group Pbca-(No. 61) = os 
Spec. grav. (calc.) 4.83 4.83 -- 


Spec. grav. (obs.) == 4.8 4.96¢ 
| - 


_ * See Frondel (1958) and discussion in text of present paper. 

> Mean of measurements by Walker (1923), Ungemach (1929), and Palache (1934), 
as reported by Palache (1934). 

© Schoep (1932). 


| 
| 


‘growth in the crystal. The three phases are designated schoepite I, I 
and III; data are given for these in the appropriate tables of this report. 
_ Examination of the specimen USNM No. 94712 showed that the 
schoepite crystals are present in various stages of alteration. Commonly, 
crystals occur that have an amber-brown core completely or partially 
surrounded by a golden-yellow alteration product. X-ray examination 
shows that the amber-brown part consists chiefly of schoepite I with 
small amounts of schoepite II present, and that the yellow alteration 
product consists either of schoepite II, or of schoepite III, usually with 
small amounts of schoepite I also present. The fact that schoepite II 
-and schoepite III were not found together in any of the crystals studied 
does not preclude the possibility that they can occur together, since no 
exhaustive search was made to test this point. Completely yellow cry- 
stals answering the description given for paraschoepite by Schoep and 
Stradiot (1947) are also present on the specimen. These give the schoepite 
Ill pattern. Because of the distinctive x-ray pattern given by the yel- 
| low crystals and the excellent agreement of the optical measurements ob- 
‘tained in the present study with those originally given by Schoep and 
)Stradiot in 1947, there can be little doubt as to the validity of para- 
schoepite. Entirely amber-brown crystals are also present on the speci- 
‘men. Although these appear to be completely unaltered, they show a 
weak x-ray pattern corresponding to schoepite II along with the ex- 
pected strong pattern of schoepite I. The cell constants for schoepite I 


1036 C. Ln, CHRIST AND TS. R. CLARK 


agree well with those given by Billiet and de Jong (1935) for “schoepite” 


(Table 7). Data for schoepite II have not been reported previously. Fig- 
ure 2 illustrates a portion of an /kO x-ray precession pattern of a schoepite | 


crystal showing the results obtained when two phases are present. 


V andendriesscheite 


X-ray patterns of vandendriesscheite are also multiple, corresponding 
to the presence of two distinct orthorhombic phases present in parallel 
intergrowth in apparently single crystals. These phases are designated 
vandendriesscheite I and II and the data for these are given in the ap- 
propriate accompanying tables. Crystals of vandendriesscheite occur 
containing mostly phase I with small amounts of phase II present; crys- 
tals with the reverse proportions were also found. Unlike schoepite, the 
crystals of vandendriesscheite do not change appearance on phase 
change. However, this phase change does manifest itself in the variabil- 


ity of the @ and y indices of refraction, as well as in the «-ray patterns. | 


p> } ee 
4 ¢ “ee a? 


Fic. 2. Enlarged portion of the same pattern shown in Fig. 1 showing the presence 
of diffraction spots due to two phases in parallel intergrowth. 
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The weaker reflections leading to the large b-length for both phases of 
vandendriesscheite (Table 2) are sharp, plentiful, and easily visible on 
the precession patterns. However, the weaker reflections requiring the 
large c-axis are, as in masuyite, very faint, diffuse, and relatively sparse. 
J. W. Frondel in Frondel (1958) has reported values of a, b, and c for 
four different crystals of vandendriesscheite. The results she obtained 
are compared with the results of the present study in Table 8. It can be 
seen from this table that the two sets of results are not in very good 
agreement. The variability in the cell constants reported in Frondel 
(1958) was not encountered in the present study, where, however, only 
crystals from a single specimen were examined. It is stated in Frondel 
(1958) that a weak set of «-ray reflections was found superimposed on 
and irrationally related to the main diffraction pattern in Weissenberg 
photographs of vandendriesscheite. In the present investigation the 
weak set was found to be unequivocally rational to the main set of re- 
flections. In contrast to masuyite, there was absolutely no indication of 
any twinning in vandendriesscheite, and consequently no doubt about 
the validity of the large cell for this reason. 

Schoepite and vandendriesscheite appear to alter by spontaneous 
dehydration at room temperatures. The evidence for this conclusion 
and a discussion of the complexity of the alteration are given below in 
the section on chemical considerations and crystal structure. Precession 
patterns of altered crystals show the usual sharp spots for the parent 
phase and diffuse spots for the phase resulting from the alteration, due 
to the fine-grained nature of the alteration product. 


X-Ray POWDER DATA 


A 114.59 mm. diameter powder camera was used with Cu/Ni and 
Cr/V radiations (\ CuKa= 1.5418 A; \ CrKa=2.2909 A) to obtain the 
powder films. Tables 9 through 15 give powder pattern data for the 
minerals, as follows: becquerelite, Table 9; billietite, Table 10; four- 
marierite, Table 11; masuyite, Table 12; schoepite, Table 13; dehy- 
drated schoepite, UO2(OH)2, Table 14; vandendriesscheite, Table 15. 
Measurements from the patterns for becquerelite, fourmarierite, and 
vandendriesscheite were corrected for film shrinkage; measurements 
from the other patterns were not, but film shrinkage corrections were 
negligible for these, as shown by the good agreement between the ob- 
served and calculated interplanar spacings. The lower limit measurable 


_ for 20 was about 6°. Calculated interplanar spacings were based on the 


values of the cell constants as given in Table 2. Indexing of the powder 
lines was checked by examination of the intensities of the corresponding 
reflections on the single-crystal precession photographs; estimated in- 
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tensities for the single-crystal reflections are included in the tables, 
where feasible. All calculated interplanar spacings are given for d>2.5 
A except in Table 15 for vandendriesscheite, where, because of the 
large cell, the listing is for d>3.0 A. However, all observed spacings 
smaller in value than these could be satisfactorily accounted for. Tables 
9 through 15 also give observed. powder data found by other investiga- 
tors and believed by us to be reliable. 

Each of these six uranyl oxide hydrates can be identified from its 
powder pattern provided certain precautions are observed. Material 
chosen for the powder spindle should, of course, be carefully selected 
for homogeneity. A sharp clear pattern with maximum line resolution 
is required. With the commonly used 114.59 mm. diameter camera, a 
small diameter (ca. 0.2 mm.) powder spindle is desirable, and line-focus, 
rather than spot-focus, radiation is reeommended. With good patterns, 
becquerelite, billietite, and schoepite can be promptly identified. Powder 
patterns of schoepite always show lines corresponding to each of the two 
or three possible phases, but their presence does not prevent correct over- 
all identification of the material as schoepite. Fourmarierite, masuyite, 
and vandendriesscheite can easily be distinguished as a group from the 
other three minerals, but identification of any one of the three is more 
difficult. Comparison of the powder data given in Tables 11, 12, and 15 
shows that fourmarierite, masuyite and vandendriesscheite can be differ- 
entiated if the powder patterns are good. However, single-crystal x-ray 
studies, preferably by precession methods, provide the best and certainly 
the most rapid and convenient means of unambiguously distinguishing 
among these various uranyl oxide hydrates and their alteration products. 


OPTICAL DATA 


Indices of refraction were measured with Na light (A=589 my). Car- 
gille’s High Series liquids were used and the indices of the liquids were 
checked on a Leitz-Jelley refractometer. No special effort was made to 
keep the temperature constant; room temperatures were 25°+5° C. 
Optical orientation was in each case checked on crystals for which 
crystallographic directions had been identified by precession «-ray work. 

Values found in the present study for the indices of refraction and ob- 
served V., as well as data on pleochroism and optical orientation, are 
summarized in Table 16. Comparison between data of the present study 
and data reported by other investigators is made in Tables 17 through 23. 
Table 17 is for becquerelite, Table 18 for billietite, Table 19 for four- 
marierite, Table 20 for masuyite, Table 21 for schoepite I, Table 22 for 
schoepite III, and Table 23 for vandendriesscheite. 

All the uranyl oxide hydrates are biaxial negative with X=c in each 
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TABLE 9. X-Ray POWDER Data: BECQUERELITE 
Present Study Frondel and Cuttitta Protas (1957) 
(1953)! = 
Measured Measured d(A) 
Measured 
Calculated Single Powder Cu/Ni F Natural Synthetic 
Crystal d(A) YX=1.5418A d(A) Cu/Ni Mineral Mineral 
hkl dnkl I I dnkl dnkl I dhkl I dnkt I 
101 10.17 bs 
O11 9.54 s (8.51) 1 
111 7.86 is 
002 7.48 VS 100 7.444 .05 7.50 10 7.54 FF 7.48 FF 
200 6.93 a 
102 6.58 S 3 6.56+ .04 6.63 By 6.59 mf 6.59 mf 
201 6.29 a 
020 6.20 x 1 6.21+ .04 6.24 il (7 mf 6.22 mf 
210 6.05 Ww 6.05 mf 6.05 mf 
112 5.81 a 5.815 mf 5.813 mf 
211 5.61 m 1 oO IE OS 5.63 1 
121 5.29 5 
202 5.08 a 4.78 ff 
022 4.77 Ww 
212 4.70 Ww 
103 4.69 m 6 4.68+ .02 ATA! () 4.71 mf 4.71 mf 
013 4.63 a 
220 4.62 Ww 
122 4.51 = 
301 4.41 w 4.31 1 4.40 f 
221 4.41 a 
113 4.39 a 
311 4.16 a 
203 4.05 w 4.05 f 
031 3.981 a 
302 3.931 w- 3.92 f 
222 3.930 = 
213 3.848 a 3.84 f 
131 3.826 a 
312 3.747 a 
123 3.740 a 
004 3.740 VS 30 Sfmt O15 Sed 8 3.74 m Sesh m 
104 3.611 m 3 30L=t 202 3.61 fi 
321 3.595 a 
230 3.548 VS 21 3.54+ .015 3.56 8 SHON! F.FF SEDO. F.FF 
132 3.498 w- 
114 3.467 w- 
400 3.465 VS 4 3.45+ .015 3.48 z 3.47 m 3.46 m 
231 3.452 m 
303 3.389 NS) 
DA 3.388 a 4 Secu ae OLS 3.39 2 3.40 m 3.39 m 
401 3.376 VS 
410 Se Gor w- 
322 reli) a 
204 3.291 a 
313 3.269 “ 
411 B25 a 
232 3.206 VS 30) 3.20+ .01 oace 9 $21) F.FF 3.20 F.FF 
024 3.202 w- 
214 3.181 Ww 
033 3.181 w 
402 3.144 VS 4 Sp Leese O Sasle 1 Carls: mF Sint mF 
124 3.120 Ww 
133 3.100 w 3.10 f 
040 3.098 Ww 
412 3.048 a 
420 3.024 a 
331 3.016 a 
323 2.973 ia 
421 2.964 m 3 2.959+ .007 2.97 2 2.97 mf Pacey mf 
141 2.963 a 
105 2.925 Ww 
015 2.908 a 
304 2.907 Ww 
224 2.907 a 
233 2.891 m 3h 2.894+ .006 2.88 3 
042 2.862 Ww 


' See also Frondel, Riska, and Frondel (1956). 
* Must be @ reflection for 002. 
* Possibly a typographical error and should be 5.61. 
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TABLE 9 (continued) 


Present Study Frondel and Cuttitta Protas (1957) 
(1953)! 
Measured Measured d(A) 
Calculated Siaval . Measured 
HANGERS , Powder Cu/Ni 2 a Natural Synthetic 
Crystal d(A) \A=1.5418A d(A) Cu/Ni Mineral Mineral 
332 2.847 a 
115 2.846 a A 
| 403 2.846 m 3 2.848+ .006 2.86 mf 2.85 mf 
314 2.830 u 
240 2.828 a 
422 2.804 a 
| 142 2.803 a 
241 2.779 a 
413 PAS) 2 / 
205 2.747 w 2.74 to _ 
Eoin 28726 a 3 bia nt 2.73 t 
134 2.718 Ww 
215 2.682 a 
$11 2.662 w- 2.67 f 
430 2.654 a 
242 2.645 a 
125 2.645 a 
324 2.632 * 
333 2.620 ‘ 
431 2.614 a 
502 2.599 a 
423 2.586 ‘3 
143 Fass) a 
234 2.574 m 9 2.566+ .006 Pe Ye) 7 2.58 m 2.58 m 
512 2.544 w- 
404 2.542 m 1 Does Ok ESS mf 2.54 mf 
341 2.536 a 
305 Zoid: w 
225 Doe a 
432 2.502 a 
Zz 2.483 2.47 2 2.49 ff 
4 2.441 2.44 2 2.45 f 
3 2.378 2.38 z 2.40 mf 2.38 mf 
3 2.305 Qo 3 Des m Basil m 
Ir Pass f 
2 2.197 D2 1 Diane f 2.21 f 
4 2.102 Phe Nit 2 Pi f 
3 2.065 2.07 3 2.07 mf 2.07 mf 
6 2.036 2.04 4 2.04 mf 2.04 mf 
2.02 f 2.02 f 
4 1.989 1.994 4 2.00 m 2.00 m 
6 15.935 1.943 5 
2 1.891 1.893 2 
3 1.869 1.875 2 
3 1.846 1.848 2 
il 1.826 
2 1.807 1.814 1 
4 Wego! HS) 3 
4 git 1.725 3 
2 1.686 1.681 2 
3 1.670 | 
& 1.615 1.614 2 
3 SOT 1.600 2 
| 3 1.560 1.564 2 
2 1.541 1.541 i} 
Plus many additional weak | Plus many _ addi- 
| lines. tional weak lines. 
| a=observed to be absent. 
b=broad. | 
*=not measured. 
Film No. 7861, corrected for | 
shrinkage. | 
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TABLE 10. X-Ray PowpER Data: BILLIETITE 
Present Study Frondel and Protas (1956) 
Cuttitta (1953)! : 
Calculated Measured Measured d(A) 
Measured 
Single aa Powder Cu/Ni Ss ot See Natural Synthetic 
Crystal ) N=1.5418 A d(A) Cu/Ni Mineral Mineral 
hkl dhkt 
I I dhkl dpkl I dnkl I Ankl I 
O11 9.43 a (7.74)? m-F (7.69)2 mF 
002 1230 VS 100 LooOze 05 7393 10 7.40 FF 7.40 FF 
101 6.46 * 2  6.51+.04 
110 (oe, 5a) Ww 2 6.13+ .03 
020 6.04 Ww 
111 5.69 ie 2 Ligv Ree 30s) 
102 5.19 Ze 
112 4.77 a 
in ie a 6 ae 2 4.59 2 4.68 devote 
121 4.41 Ww 
103 4.12 a 
122 3.936 a 
113 3.895 a 
O31 3.890 a 
004 Kai) VS 25 3.78+ .015 Sau 9 3.74 FFF 3.74 F.FF 
R00 ees Sales 9 — 3.58+ .015 ; ; 
130 3.507 | VS 18 3.514 .04 {bs oe : Sao er ae 
201 3.476 w 
131 3.416 Ww i 3.42+ .01 
123 3.400 Ww 
211 3.340 be 
104 3.338 a 
202 SV PoRs} S 18 Sie Oster OL 
114 Seo w- 
024 3.201 w 
132, 3.181 VS 35 3.183+ .008 Be itil 8 3.19 F.FF 3.16 F .FF 
033 3.144 a 
212 3.119 a 
220 3.074 Ww 
040 3.020 m 2 3.030+ .008 3.02 1 3.01 ft Ot ff 
221 3.012 * 
015 2.930 Ww J) 2.928+ .007 2.89 1 2.91 ff 
124 2.921 a 
203 2.913 a 
133 2.878 a 
222 2.847 ba 1 2.85.01 2.85 if 
213 2.832 a 
042 2.804 S 3 2.798+ .007 2.79 2 Dai) ff 2.78 ff 
105 2.782 a 
141 PEW Kes) Ww 
115 Pettit w- 
231 2.631 a 
223 2.624 a 
142 2.610 Ww 2.60 to 
204 2.594 m 6 b 2.56 3 VY) mf PSHE mf 
134 2.570 iS) 2.50 
214 Parasite a 


1 See also Frondel, Riska, and Frondel (1956). 
2 Possibly 6 reflection for 002, otherwise not indexable. 
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TABLE 10 (continued) 


Present Study Frondel an:l Protas (1956) 
a ——— | = SS Cuttitta (1953)! |—— SSS SS —= 
Calculated Measured — Measured d(A) 
Measured = 
Single : Powder Cu/Ni See SE Natural Synthetic 
Crystal d(A) »=1.5418A d(A)Cu/Ni Mineral Mineral 
hkl dhkl = = = 
iL W dnkl dhkl I dhkl I dhkl I 
125 2 Ww 
32 2e5 4 
006 PRY S 4 2.520+ .006 2.49 4 2250) mf 2.50 mf 
3 De SiS 2230) 2 Pent mf 2.29 mf 
2 2.271 
1 ae d 2.19 1 DMD fi RY $f 
4 2.124 2.10 3 Dea, f Ded f 
9 2053 2.03 6 2205 m 2.03 m 
2 2.015 
4 1.983 1.970 4 
6 1.950 1.940 2 
1.898 1 
4 1.888 1.872 3 
1.812 1 
3 1.803 1.790 2 
2 1.705 1.676 3 
2 1.664 1.654 4 
Plus many additional weak to | Plus many addi- 
moderate lines. tional weak to 
moderate lines. 
Film No. 7829, not corrected 
for shrinkage. 
b=broad 
d=diffuse 
a=observed to be 
absent 
*=not measured 


case. Since the cleavage and tabular habit favor appearance of {001}, 8 
and ¥ indices are readily determined. The birefringence, y-8, is usually 
small, the largest difference being 0.02. Accurate measurement of the a 
index is more difficult, and for the poor quality, thin crystals of masuyite 
this difficulty was not overcome. For billietite, fourmarierite, and un- 
altered schoepite (schoepite I), the optic angle 2V. was measured by uni- 
versal-stage methods on crystals having the tabular habit, and the corre- 
sponding a index calculated from the standard equation: 
a = (7B sin Va)(y? — 6? sin? Va)". 


No calculated V, angles are listed because examination of the equations 
given by Mertie (1942) shows that for large indices of refraction, a large 
error (10 to 15°) is associated with a calculated Va. The indices of refrac- 
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TaBLE 11. X-Ray PowbDER DATA: FOURMARIERITE 


Present Study Bignand (1955) 
Measured Measured 
Calculated Single F Powder . - 
Crystal d(A) Cu/Ni \=1.5418 A} d(A) Cu/Ni 

hkl dnt I I Ark dit I 
101 10.04 cs 
111 8.57 = 1 8.55+ .06 
020 8.23 Ww 
002 7.20 VS 100. 7.20+ .04 FAD FF 
200 7.00 m 
210 6.44 m 3 (4 Wa AVE) 6.36 f 
PAL 6.37 * 
022 342, a 
220 Sess) Ww 
202 5.02 m 1 5.04+ .02 
131 4.82 m 3 4.82+ .02 
aw) 4.80 Ww 
103 4.54 w 
301 4.44 Ww 
113 4.38 S 9 4.36+ .02 4.31 { 
230 4.32 m 
Sil 4.29 a 
Medi 4.29 cs 
040 ANA m D) 4.13 1015 
123 3.975 f 3 ; J4.00 to 
321 3.908 S 13.90 
141 3.809 a 
232 3.704 m 
004 Sie. vs 50 3.58+ .015 
042 3.574 Ww 
240 3.549 us 18 3.55+ .015 58) FF 
400 3.500 VS 6 Des Oil 
133 3.499 es 
331 3.451 W 
410 3.424 m 
303 3.345 W 
024 3.297 w 
313 3.279 Ww 1 Se Sern 
420 OA a 
204 3.200 a 
242 3.183 VS 50 3.178+ .008 si 
402 3.147 vs 12 3.143 + .007 \3.16 HE 
214 3.142 a 
151 3.129 S 
323 3.099 * 
412 3.091 S YD 3.095 + .007 
143 3.050 * 3.046 + .007 
341 3.018 Ww 
224 2.983 4 
250 2.980 m <a DOM se {Ot 
430, Das }syi Ww 
422 2.940 w- 
333 2.857 c 
105 2.820 a 
115 2.779 w- 
234 2.765 x 
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TABLE 11 (continued) 


Present Study 


Bignand (1955) 


Measured Measured 
Calculated 
Single e Powder ; 
Crystal d(A) Cu/Ni \=1.5418 A d(A) Cu/Ni 
hkl Dana I I drei dnxt I 
252 2,153 a 
501 2.749 a 
060 2.744 m 
432 2.730 S 4 2.724+ .006 Dik m 
Sli Dhl w 
044 2.709 w <a 2.70+ .01 
125 2.667 * 
153 2.666 e 1 209). 0)1 
440 2.666 w 
161 2.648 Ww 
351 2.645 2 
521 2.607 w 
343 2.596 ie 
062 2.564 Ww 
260 2.555 Ww 
244 DeSvi he 9 2.520+ .006 \o 51 
404 2.509 Ss 4 2.503 + .006 see a 
135 2.508 4 
442 2.500 m 
4 2.389 
<1 2.340 
Zl Slik 
2 22229 
2, 2.181 
2, DAME 
g 2.056 
4 2.030 | 
4 2010 ie .02 mf 
f1.987 to 1.96 F 
12 -b\1 972 
4 1.951 1.93 f 
3 1.900 1.88 f 
4 1.793 1.83 f 
4 1.767 . SHS mi 
4 1.719 
2 1.698 pi-70 f 
4 1.600 1.58 mf 
a=observed to be absent 
| b=broad 
*—not measured 
: There are additional weak lines with 1<2 | Plus 3 additional weak 
; for dyxi<1.97 A; these are not listed. lines. 


Film No. 11911, corrected for shrinkage. 


Original data of Big- 
nand (1955) given in 
kX units. 
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TABLE 12. X-Ray PowpER DaTA: MASUYITE 


Calculated Measured 
d(A) Cu/Ni 
hkl anki 
I Ankit 
006 7.10 100 7.08+ .05 
6 4.36+ .02 
6 4.30+ .02 
0.0.12 Seal 35 OeOOee Oil 
660 3.496 70 3). sVeae sll 
12.0.0 3.494 21 3.48+ .01 
666 Sly 12 Si l@se Oil 
12.0.6 Bellss 50 6), Wao sil 
11) 0) 2.491 6 Avo ile Ol 
KON 2.491 1 2.484+ .007 
4 Mae I 
0.0.18 2.367 9 eae {Ol 
4 I Pifae WO 
4 DP Mee SOI 
ar oe hs 2.008 + .004 
9 1.973+ .008 
badin 1.95+ .01 
4 ey Oita Ol 
12 1.766+ .004 
9 1.745 + .006 
4 1.72+ .006 
9 1.690 + .004 
4 1.613+ .006 
4 1.598 + .006 
6 1.578+ .006 
4 1.559+ .006 


Plus additional weak lines. 
Film No. 11912, not corrected for shrinkage. 
b=broad 


tion measured in the present study are considered good to +0.005 unless 
otherwise noted, and an estimated error has been assigned to the calcu- 
lated a values from study of the limits of error attached to the associated 
observed data. 

Whenever the presence of two or more phases was indicated by x-ray 
study, as in the cases of schoepite and vandendriesscheite, the indices of 
refraction were found variable within a given range, the variability af- 
fecting chiefly the 6 and y indices. Schoepite I was identified as original, 
unaltered schoepite, not only by comparison of its cell constants with 
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TABLE 13. X-Ray PowpER Dara: SCHOEPITE 


Plus many addition- 
al weak lines. 


Film No. 12119, not 
corrected for shrink- 
age. 


Plus many addi- 
tional weak lines. 


Film No. 11904, 
not corrected for 
shrinkage. 


Schoepite Dehydrated Schoepite 
Calculated Measured—Sample 1 Measured—Sample 2 Measured 
d(A) Cu/Ni d(A) Cr/V_ | d(A) Cu/Ni d(A) Cu/Ni 
Spas be ae I dnkl dnkt I dhkl I drkl 
Til 002 7.61 Gy WeSf cen (s PES a SS 
dR i 002 HSE 100 7.28 105 7.35 +.05 - |100 ess) ae sk) 
LO 5:08 232".02 SOT te 02 100 DOO RE 02) 
1 4.43 + .03 1 4.46 + .03 
Ill 004 3.805 oe Sal So O01 5e< a0 9 ee OL 
i due 004 3.682 15 Biey so ny SAC) ax Apt 50° 3.66 +.:01 
I 240 3.622 1 S102 ee 102, 
LET 240 3.614 
MMO 3588 6 5.59 015 3.585.007 | 1 3.58 4.02 
Hil 400 3.530 
II 400 3.498 12 Spo Leer OL 3.495+ .007 2 SEY se ll 
25 3.44 +.01 3.430+ .006 25 3.45 +01 
9 Seah) ss soil 3.380+ .006 17 SSO e=er OL 
Ul 242 3.265 
I 242 3.250 9 Sued Ol 
II 242 Sea 
I 402 3.222 hn So se s(Opt 3 Sahil ae alot 
il 402 3.202 
IL 402 3.159 6) 1971623277008) -3.-1165-E 006 3 3.162+ .008 
12 2.885+ .007 2.872+ .005 7 2.890+ .007 
1 2.81 = .01 
Til 404 2.588 
dt 404 2.568 4 2.571+ .006 
Til 006 PASS OHE 
12 2.539+ .006 2.539+ .003 1 2553 =. O01 6 2.542+ .003 
Tae 404 2.536 
9 2.481+ .006 2.480+ .003 b 7 DIALS esta OL 
Lee 6 2.455 1 2.45 +.01 9 2.446+ .006 
1 2 Ate OL Film No. <i Pasty am 0) 
12262, cor- AD Ad 
rected for <1 209 E01 
4 2.053+ .002 shrinkage. 4 2.060+ .002 
9 2.018+ .002 5 2.023+ .002 


Plus many addition- 
al weak lines. 


Film No. 12293, not 
corrected for shrink- 
age. 


b=broad 


those reported by Billiet and de Jong (1935) but also by the close agree- 
ment of its indices of refraction with those originally given by Walker 
(1923), as shown in Table 21. Schoepite III has indices of refraction in 
accord with those reported by Schoep and Stradiot (1947) for paraschoe- 
pite (Table 22). One reason that schoepite II has been considered an 
intermediate product is that crystals identified by «x-ray study as prin- 
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cipally schoepite II invariably gave values of 6 and y indices of refraction 
ranging somewhere between the values given by schoepite I and those | 
given by schoepite III. Vandendriesscheite crystals also undergo an alter- | 
ation process similar to the one that occurs in schoepite, and have more 


Taser 14. X-Ray PowpER Data: DEHYDRATED SCHOEPITE 


Present Study Bignand (1955) Zachariasen (1944) 
Measured Measured 
Calculated? 
d(A) Cu/Ni d(kX) Cu/Ni 
I dit I dak dnkt hkl 
100 5.09 F 5.05 5, 10) 002 
f (3.76)! 
25 3.45 FF 3.44 3.43 200 
ily 3.39 3.41 tila 
f 3.16 
fi 2.890 m 2.85 2.85 202 
f BP 
6 2.542 m D Sie) D 59) 004 
bee 2.48 m 2.45 2.48 iat} 
4 DAU f Diet Bos 020 
4 2.060 f 2.05 2.05 204 
5 2.023 
4 1.993 mi 1.97 1.98 311 
4 1.954 1.97 022 
4 1.826 
<4 1.80 1.81 220 
6 VA: mI iL AF 1.78 115 
<4 LP Ih 7383 313 
1.725 400 
1.708 222 
4 1.698 m 1.69 see 006 
<4 1.67 
<4 1.63 m 1.63 1.636 024 
1.626 402 
<4 1.541 m ley? iL Sy 206 
<4 1.484 m 1.48 
<4 1.444 m 1.43 
<4 1.350 mf i335) 
Film No, 12293, not corrected 
for shrinkage. 
b=broad 


1 Possibly £8 reflection for d=3.44. 


Calculations based on face-centered orthorhombic cell with a= 6.86 + .03,b=4.27 + .03, 
c=10.19+.06 A. 


TaBLe 15. X-Ray Powprer Data: VANDENDRIESSCHEITE 


Calculated Measured 
? Powder 
Phase I Single 
Crystal d(A) Cu/Ni d(A) Cr/V 
hkl Anka I il Anxt I anki 
006 UDP VS 100 PB ae OS) S i Pia 0S 
210 6.93 m 12 6.94+ .04 
060 6.81 m 2 6.81+ .04 
230 6.25 w 3 6.33+ .04 
240 5.79 m 2 So Mi az OH! 
236 4.72 (w)} 2 4.71+.04 
119 4.53 w- 
246 4.52 (m) 10 4.53+ .03 w- AMO OOS 
270 4.49 Ww 
129 4.45 m 10 4.45+ .02 w- 4.45+ .03 
0.0.12 3.611 VS 100 Se Ole ONS S 3.62+ .007 
0.10.6 3.566 m 
O22 — 3.556 rm } Wo ee eeae 
2.10.0 BGR vs b 25 SoO8se OS \ 
400 3.517 vs jo pea 
410 3.504 m w- 3.49+ .01 
Pitesti, 3.203 (w) 
0.6.12 3.190 Ww 
349 3.190 (w-) 
2D ND Sms (w- io) 755 Sie ilfse (03 bm Sip lias 0; 
2.10.6 Site (VS) 
406 3.162 VS 
416 SelloS (m) 
Diane) 3.064 (m) 2 3.06+ .01 
470 3.013 m 2 SEO Ss Ohl 
2 2.94 
b8& 2.80 
5 DBD 
2 2.66 
25 D Sp bw 2 Beit 
10 2.401 Ww 2.418 
b 3 2.29 
b 3 2.18 Plus additional weak lines. 
5 2.058 
15 2.034 Film No. 12337 corrected 
40 1.985 for shrinkage. 
3 1.961 
b=broad 
2 1.914 
2, 1.877 
2 1.861 
10 1.800 
3 1.791 
8 eS 
2 1.726 
2 1.716 


Plus additional lines with 
I<10. 


Film No. 11903, not cor- 
rected for shrinkage. 


b=broad 


1 Parentheses used for intensities extrapolated from lower-level patterns, 
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TABLE 17. OpticAL DATA FOR BECQUERELITE 


Schoep and Palache and 


Present Study Protas (1957) Frondel and Cuttitta Brasseur Stradiot Berman 
(1953) (1948) (1948) (1933) 
(A =578 mp) 
a 1.730+0.005 evi25 1.730 PeiZ5) 1eoo) 
B 1.825+0.005 1.815 - 1.805 1.793 + 0.007 1.825 1.820 
Y 1.830+0.005 1.825 1.720 1.822+ .006 1.83 1.830 
2Va (obs.) 32°+ 3° ~30° 30°+ 30° 
xX c, pale yellow colorless c, pale yellow c, colorless c, colorless 
Ve a, deep yellow yellow a, deep golden yellow a, yellow b, yellow 
Z b, deep yellow yellow b, deep golden yellow b, yellow a, yellow 
TABLE 18. OpticaL DATA FOR BILLIETITE 
Frondel and Cuttitta 
(1953) f 
Schoep and 
3 ——- —— Brasseur (1949) ; ; 
| ‘ S ie 7 
eo udy ELUTE 57 sna) Hoa Wasa) 
No. No. 
104456 104455 
a 1.76 +0.05* 1.730 25) 1.730 Vhs 
B 1.800+ 0.005 1.810 1.780 1.822 1.82 
y 1.805+0.005 1.815 1.790 1.8285 1.83 
2Ve@ (obs.) Giieeee ~35° ~35° 47° 36°+ 36° 
xX c, pale greenish yellow c, pale yellow c Dichroism c, colorless 6, colorless 
We a, greenish yellow a, deep golden yellow a, of Vaes (1947) a, yellow c, greenish yellow 
Z b, deep yellow b, deep golden yellow 6, confirmed b, deep yellow a, amber 


* Value for a calculated from observed values of 8, y and Vg. 


TABLE 19. OpricAL DATA FOR FOURMARIERITE 


Larsen and Berman 


Present Study Frondel (1958) (1934) 
a feSOSetee O25: 1.865 1.85 
B 1.885+0.01 1.900 1.92 
x 1.890 +0.01 1.904 1.94 
2V« (obs.) SP see Soi large 
xX C c, colorless a, colorless 

ay a, pale amber yellow b, pale yellow c, pale yellow 


i, b, amber yellow a, yellow b, deeper yellow 


* Value for a calculated from observed values for 8, y and Vq. 
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TABLE 20. OpricAL DATA FOR MASUYITE 


Present Study Frondel (1958) Vaes (1947) 
a 1.785 | 
B 1.895+0.01 1.906 between 2.11 and 2.15 
Y 1.915+0.01 1.917 
2Va (obs.) ~50° large 
x C c, pale yellow b 
Ww b, amber golden yellow b, deep golden a}, orange yellow 
ZL, a, amber golden yellow a, deep golden c, orange yellow 


+ Vaes (1947) gives n»=a but states that the P.O.A. is perpendicular to c. 


TABLE 21. Opricat DATA FOR SCHOEPITE I 


Larsen and Berman 


Present Study Walker (1923) 


(1934) 
a 7D a0) 1.690 1.690 +0.003 
B 1.720+0.005 1.714 1.714+0.003 
y 1.735+0.005 eS) 1.735+0.003 
2Va (obs.) US? ae? large 
x c, pale yellow c, colorless c, colorless 
W b, golden yellow lemon yellow lemon yellow 
Z a, golden yellow lemon yellow lemon yellow 


* Value for a calculated from observed £8, y and Vz. 


TABLE 22. OpTICAL DATA FOR SCHOEPITE III 


Schoep and Stradiot (1947), 
for paraschoepite 


Present Study 


a 1.700+0.005 1.705 

6B 1.750+0.005 1.760 

Y 1.770+0.005 LO) 
2Va (obs.) 40° + 

x c, pale yellow c, colorless 

We b, golden yellow b, yellow 


Ly a, golden yellow a, yellow 
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TABLE 23. OpTiCcAL DATA FOR VANDENDRIESSCHEITE 


Frondel (1958)* 
Present Study Vaes (1947) 
(1) (2) (3) (4) 


| a 1.780+0.005 sd: ile ieey ik C0 = = 
| B 1.850+0.01 1.840 1.810 1.824 1.882 > 1.884 
| ¥ 1.860+0.01 1.845 1.820 1.828 1.890 >1.884 
2Va (obs.) OP aE we medium medium 50° medium large 
x c, colorless c, nearly colorless b, nearly colorless 
We b, golden yellow b, golden yellow a, orange yellow 
Z a, golden yellow a, golden yellow c, orange yellow 


* Values in each column are for crystals with unit cell reported under the corresponding 
column number in Table 8. Material of (2) from Great Bear Lake; measurements by 
‘Palache and Berman (1933). Others from Katanga; measurements by J. W. Frondel. 


than normal variation in the values of the B and y indices of refraction for 
different crystals. In general, indices of refraction for these minerals must 
be considered in connection with x-ray evidence for purposes of identifi- 
cation. 


CHEMICAL CONSIDERATIONS AND CRYSTAL STRUCTURE 


Semiquantitative spectrographic analysis for Pb, Ca, Ba, and Sr was 
carried out on 2 mg samples of crystals of each mineral except masuyite; 
schoepite was examined only as schoepite I. So few crystals of masuyite 
'were available that neither spectrographic analysis nor specific gravity 
determination were feasible. The following results were obtained from 
the spectrographic analysis: 


Sample Pb Ca Ba Sr 
Becquerelite from HM No. 106523 OX xe 00x OX 
Becquerelite from HM No. 106524 OX Xe .00OX OX 
Becquerelite from USNM No. R8387 .OX 4 .00OX OX 
Billietite from HM No. 104445 OX OX X. 0X 
Schoepite from USNM No. 94712 OX mx OX OX 
Fourmarierite from USNM No. R8396 xe OX .00OX OX 
Vandendriesscheite from HM No. 106523 XE OX .0OX .OX 


(X is in weight percentage.) 
H. J. Rose, Jr., analyst. 


These chemical results are best explained in terms of the crystal structure 
concepts discussed below. 

All of these uranyl oxide hydrates yield x-ray patterns on which the 
strong reflections are distributed according to the demands of a primitive 


ip 
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pseudo- Booey cell A: 1), with cell edges for the several minerals) 
varying from a’=4.0 A to a’=4.2 A, and c'=7.1 A to c’=7.6 A. The in-} 
tensities of the strong reflections follow an essentially normal form- factor} 
decline with increasing (sin @)/X. These minerals all have perfect (001)) 
cleavage. With these experimental results and a knowledge of the struc-4 
tures of similar compounds, it is immediately possible to derive many of 
the essential features of the structures of the uranyl oxide hydrates. 

A number of compounds containing hexavalent uranium have been\f 
studied, including anhydrous uranyl fluoride, UOeF:, (Zachariasen, 
1948a), calcium uranate, Ca(UQ2)Os, (Zachariasen 1948b), and ruther- 
fordine, UOeCOs, (Christ ef al., 1955). The structures of these three com- 
pounds are alike in that they consist of stacked infinite layers of fluoride, |} 
oxygen, or carbonate ions, respectively, with uranyl, (O-U-O)**, ionsqy 
normal to the layers, the uranium of the uranyl ion being contained in| 
the layer. A drawing of the structure of the UOF» layer of uranyl! fluoride.) 
taken from Zachariasen (1948a), is shown in Figure 3. Calcium uranatet 
contains similar [UQ:O02],~°" layers, with Ca** ions, in eightfold coordina- 
tion, located half-way between successive layers. In the uranyl oxide hy- 
drates there are undoubtedly infinite UOQ:(OH): layers quite similar tol 
those found in UO,F2 and CaUQ2O2, and with dimensions close to those © If 


© 


Fic. 3, A drawing of the structure of the UO2I*2 layer of uranyl] fluoride (after Zacharia 
sen, 1948a). Circles with stippled centers represent uranyl groups lying normal to the plan 
of the drawing with oxygen atoms 1.91 A above and below the plane, and with the uraniun 
in the plane. The large open circles indicate fluorine atoms at distances of 0.61 A above 
(+), and below, (—), the plane. The UO.(OH), layers in the uranyl oxide hydrates ard} 
similar to the UO. a » layer shown here. 
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UO2F:. In crystals of CaUO,O. and UO2F: the successive hexagonal 
layers are displaced, in accordance with the rhombohedral symmetry of 
the crystals, in order to allow room for the packing of the oxygens of the 


uranyl groups. The distance between consecutive layers in UQ»2F» is 5.22 
A, and in CaUQ2(Qp is 5.84 A. The similar hexagonal UO2(OH).» layers in 


nr ae 


a 


es 


( 


the uranyl oxide hydrates are stacked directly over one another with the 
distance between consecutive layers varying from 7.1 to 7.6 A. This larger 
separation presumably serves to provide space to accommodate the 


| water molecules and the cations, such as Pbt+, Ba++, and Cat‘, con- 
tained in the uranyl oxide hydrates. 


Although the structure and composition of the layers of the uranyl 
oxide hydrates seem entirely clear, the structure and even the exact 


composition of the interlayer content is considerably less apparent, and 
the clarification of these properties for each of the minerals must await a 
complete crystal structure analysis. Some preliminary studies with 
- Patterson and electron density maps have been carried out on billietite 


during the present investigation and the results obtained are in agree- 
ment with the conclusions given above. The structure work is continuing 
and will be reported upon at a later date. 

From these crystal structure considerations and the probable chemical 
content of the minerals, as listed in Table 2, the oxide formulas can be re- 
written as follows: schoepite I, UOQ:(OH)2:H20O; becquerelite,Ca(OH)» 
-6U02(OH).:4H2O, billietite, Ba (OH)2-6UO.(OH)2:-4H2O, and four- 
marierite, Pb(OH)2.-4U0.(OH)2:2H2,O. The general formula for these 
compounds, xMeO-yUO;:-zH2O, can be written as «Me(OH)2-yUQO, 


| (OH).:(g—x—y)H2O (Christ and Clark, 1955). An alternative general 


structural formulation of the oxide formula, «MeO-yUO;-2H20, is Me, 
[(UO2),O22(OH)2y—2]:(—y+x)H20, where the brackets enclose the 
layer composition. Under this formulation billietite, e.g., would be 


| written Ba[(UQ2)s02(OH);0|-6H2O. 


The probable chemical formulas listed in Table 2 are those which give 
the best agreement with all the data available at the present time. The 
x-ray findings afford two checks on these formulas: densities can be calcu- 
lated, and a count of the total number of UO,(OH).2 units per cell can be 
made. It can be seen from Table 2 that the agreement between calcu- 


_lated and observed specific gravities is excellent. The total number of 
/ UO2(OH)s units per cell must be an integral multiple of the number of 


uranium atoms given in a chemical formula, in order for that formula to 
be acceptable. This rule is obeyed for the chemical formulas listed in 
able 2. 

The chemical composition of becquerelite has been considered as un- 
certain (Frondel, 1958); however, the recent work of Protas (1957) clearly 
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establishes becquerelite as a calcium uranyl oxide hydrate, in agreement |} 
with the results of the spectrographic analysis of the present study. | if 
Protas (1957) gives the formula of becquerelite as CaO-6UO3- 1120. | 
The observed specific gravity obtained in the present study, and those: : 
found by Protas (1957) for both synthetic and natural becquerelites, are} ne 
in excellent agreement with the specific gravity calculated on the basis of 
this chemical formula, as shown in Table 2. In the present study, oneth 
becquerelite sample (USNM No. R8387) showed a lower calcium content }f 
than the other two examined. Because of the small samples used in the} 
spectrographic analysis, this result may not be real. On the other hand, 
it may indicate a variable calcium content. It has been suggested that) 
becquerelite may be formulated as a compound in which some of the 
uranium may be substituted by barium or lead (Frondel and Cuttitta, 
1953). This kind of substitution would lead to decreasing density with in-| 
creasing barium or lead. It is observed, in fact, that the opposite is true. \p 
as would be predicted on the basis of the interlayer positioning of cations ¥ 
described above. Because the uranium is undoubtedly present in these He 
compounds in uranyl groups any substitution of the uranyl by sphericai | 
cations seems extremely unlikely. 

Billietite is the barium analog of becquerelite, and the formula BaQ) 
-6U03-11H20, assigned by Brasseur (1949), is in excellent agreement |} 
with the x-ray and spectrographic results of the present study and with] 
the results of various chemical analyses (Frondel, 1958), including thatif 
for the synthetic billietite prepared and analyzed by Protas (1956). | 

The formula PbO-4U0;:7H20, proposed by Brasseur (1941, 1946) form, 
fourmarierite is consistent with the x-ray results of the present study Bl } 
cept for the water content. The cell constants found by us are probably: 
more accurate than those of Brasseur, and when combined with hisif) 
specific gravity value of 5.74 lead to the formula PbO-4UO;:4H2O. How-| 
ever, because the contribution of the water to the specific gravity of any’ { 
of these minerals is small, it is difficult to determine precise water values} 
for them in this way. 

No new results on the chemistry of masuyite were obtained in this} 
study. | 

Frondel (1958) gives the formula of vandendriesscheite as near PbO|| 1 
7U03-12H2O. It will be noted from Table 2 that consideration of thet 
number of pseudo-orthohexagonal cells contained in the large true cell 
leads to a true cell content of 240 units of UO2.(OH)s. This result would re4 : 
quire slight modification of the formula above, since 240 is not an in4 
tegral multiple of 7. Our observed specific gravity for vandendriesscheitae 
is 5.45, in excellent agreement with the value of 5.46 given for crystal 1 in 
Frondel (1958), as shown in Table 8. The cell constants of the present 
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| study, when combined with the formula PbO-7U03:12H,0, yield a cal- 
culated specific gravity of 5.86. This disagreement between calculated 

_and observed specific gravities is a second indication that the formula re- 
quires modification, and may be variable as stated in Frondel (1958). 


DEHYDRATION PHENOMENA IN SCHOEPITE AND VANDENDRIESSCHEITE 


_ As mentioned above, crystals of schoepite commonly occur with an 
-amber-brown core completely or partially surrounded by a derivative 
golden-yellow rim which retains the morphology of the original crystal, 
'and which itself yields single-crystal patterns. The brown part consists 
chiefly of schoepite I, and the yellow part mostly of schoepite II or 
schoepite III. Examination under the binocular microscope reveals that 
the rim is usually threaded by numerous small tubes, lying approxi- 
mately parallel to (001), radiating from the brown core to the external 
surface of the crystal. These tubes are considered to be tunnels that have 
‘developed to permit the escape of water from schoepite I, with the result- 
ing formation of schoepite II or schoepite III. X-ray study shows that 
crystals in all stages of alteration occur on the specimen USNM No. 
94712. A number of these crystals have been examined from time to time 
over a period of months, and it has been found that the crystals con- 
tinually alter, with the alteration process always proceeding with the for- 
mation of schoepite II or III and with concomitant decrease in the rela- 
tive amount of schoepite I. The rate at which the crystals alter varies 
considerably. Experiments with large «-ray dosages have shown that the 
alteration is independent of the x-ray diffraction experiment, and is truly 
' spontaneous. The brown crystals will continue to alter toward the yellow 
ones, as evidenced by «-ray studies, even if the crystals are kept in an 
atmosphere saturated with water vapor at room temperature; com- 
pletely yellow crystals (schoepite III) will not alter toward the brown 
'when kept in such an environment. When completely brown crystals are 
) put over concentrated H»SO, in a closed vessel a yellow powder forms in 
a matter of hours; completely yellow crystals so treated do not alter. The 
» yellow powder yields an x-ray pattern designated as that of “dehydrated 
-schoepite”’ in Tables 13 and 14. Bignand (1955) found that synthetic 
 schoepite heated between 60° and 180° C. lost 5.4% water, and that the 
‘remaining product gave an x-ray powder pattern different from that of 

the original schoepite. The pattern obtained by Bignand is in excellent 
/ agreement with that obtained by us for dehydrated schoepite, as shown 
‘in Table 14. If it is considered that natural schoepite has the formula 

UO;:2H20, and therefore contains 11.2% water, the loss of 5.4% water 
observed by Bignand would lead to the approximate formula UO3:H20O, 
> or UO2(OH)s, for dehydrated schoepite. It has been reported (Katz and 
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Rabinowitch, 1951, p. 285) that there are four polymorphic crystalline | ; 
modifications of UO3:H20, all stable at room temperature. For one of 
these modifications, Zachariasen (1944) gives the following data: ortho- ff 
rhombic, a=6.86, 6=4.27, c=10.19 A, uranium atoms in face-centered |p} 
array. This form of UO;:H20 will account for nearly all the lines found |p 
for dehydrated schoepite (Table 14). Dawson ef al. (1956) report that UOs}f 
in contact with water at about 180° C. yields orthorhombic UO3-0.8H20. | ( 
The cell dimensions listed by these authors for UO3-0.8H20 are in excel- 
lent agreement with those of Zachariasen for UOs- HO, as given above. \p 

We have also observed that when an amber-brown crystal of schoepite 
is teased with a dissecting needle the crystal disintegrates into a yellow!) 
powder around the point of contact of the needle. X-ray examination jf} 
shows that this yellow powder is mostly dehydrated schoepite. It is be- 
lieved that the pressure of the needle results in cleavage on a very fine} 
scale, parallel to (001), thus permitting the rapid escape of water. When ! ' 
an amber-brown crystal with a golden-yellow rim is used in this experi 
ment, or is dehydrated over concentrated H2SO,, the rim retains its 
original form, and remains otherwise unchanged. These experiments are} 
interpreted to have the following significance. When allowed to alter 
naturally, the amber-brown crystals will slowly form golden-yellow | 
crystals which are apparently stable toward further change. Schoepite I. |) 
corresponding to the amber-brown crystals, and schoepite II or III.) 
corresponding to the golden-yellow crystals, all have slightly different 
cell constants and x-ray intensity distributions. It seems likely that these 
differences result from a loss of a small part of the interlayer water (the 
water in excess of that needed to form UO2(OH)s layers) from schoepite 
I, with consequent slight rearrangement of the atomic structure. The} 
UO.(OH)2 layers are parallel to (001), and if the interlayer water con-}) 
tributes to the binding together of these layers, then loss of some of the} 
water would result in an increase in c. This increase does occur in going 
from schoepite I to schoepite III. All of these results indicate that under} 
room conditions, schoepite IL is thermodynamically unstable with respect 
to schoepite II, which in turn is unstable toward schoepite III. Although |} 
schoepite I alters to dehydrated schoepite under mechanical pressure,|) 
crystals of schoepite II or III do not appear to do so. We have no ex-| 
planation for this observation. Natural schoepite (schoepite I) (Frondel, 
1958), and the corresponding synthetic compound (Hiittig and Schroeder, | 
1922), (Bignand, 1955) appear to contain slightly more than two moles| 
of H2O per mole of UO;. Accordingly, in Table 2 the formula for schoepite} | 
I is given as UOs3:(2+?)H20. Since schoepite II and III are considered|f} 
to result from spontaneous loss of water from schoepite I, these are given| 
the formula UO ;-(2—?)H20. 
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That variations in «-ray powder patterns of ‘‘schoepite”’ are found is 
readily understood in view of the foregoing analysis. The patterns will 
vary both with the way in which material is selected from a given speci- 
men, and with the method of preparation of the powder sample. The re- 
sults from the powder patterns measured in the present study are given 
in Table 13. Sample 1 (Table 13) consisted of a mixture of yellow powder 
and yellow crystal fragments from the specimen USNM No. 94712. It 
can be seen from Table 13 that this sample contained schoepite II and 
schoepite III, with a large proportion of UOQ:(OH)» also present. Sample 

2 was made up of crystals from the same specimen, selected without re- 
gard to their stage of alteration. From Table 13 it can be seen that this 
sample consisted of a mixture of schoepite I and schoepite II. Appar- 
ently, no detectable amount of UQ:(OH)2 was produced in the prepara- 
tion of this sample. 

_ Vandendriesscheite crystals with varying proportions of phase I and 
“phase II (Table 2) occur on the specimen HM No. 106523. No study was 
made to determine which of the two phases persisted with time. However, 
it was found that when a clear orange crystal of vandendriesscheite, con- 
‘sisting principally of phase I, was put in a container over concentrated 
HeSO,, the crystal became cloudy, tiny tubes appeared as with schoepite, 
and the x-ray precession pattern of the altered crystal showed that phase 
II was now the dominant phase. The x-ray powder pattern data, given in 
Table 15, are indexed on the basis of phase I. It would be difficult to dif- 
ferentiate the two phases with powder pattern data only. 


NOMENCLATURE 


Throughout this paper, the designations schoepite I, II, and III, and 
vandendriesscheite I and II have been used for the several phases en- 
countered. These designations are simple and convenient, and are pre- 
cisely defined in terms of the lattice constants of the phases. In order to 
relate these terms to the more customary mineralogical nomenclature it 

is proposed that the name ‘‘schoepite”’ be retained for schoepite I, and 
that schoepite II be called ‘‘metaschoepite.”’ Schoepite II is clearly 
-paraschoepite. Similarly, it seems desirable to use the name “vanden- 
_driesscheite’”’ for vandendriesscheite I, and to call vandendriesscheite I, 
“metavandendriesscheite.”’ These relationships are summarized as fol- 
lows: 
Schoepite [=schoepite 
Schoepite Il = metaschoepite 
Schoepite III =paraschoepite 


Vandendriesscheite I= vandendriesscheite 
Vandendriesscheite Il = metavandendriesscheite 
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A SECOND FIND OF EUHEDRAL BORNITE 
CRYSTALS “ONT BARTER: 


G. KuLLeruD AND G. Donnay, Geophysical Laboratory, 
Carnegie Institution of Washington, Washington, D. C. 
AND 
J. D. H. Donnay, The Johns Hopkins University, Baltimore, Md. 


ABSTRACT 


Bornite crystalson barite have been found at the Coppercorp Mine in Ontario, Canada, 
the second locality for this association. The geology resembles that of the Upper Michigan 
copper area. The bornite cubes, truncated by octahedron faces, prove to be twinned edifices 
of two kinds, which simulate either cubic (@=21.94 A) or orthorhombic (a=b= 21.90, 
c=10.95 A) symmetry. 


INTRODUCTION 


Bornite, CusFeSi, although a common mineral in many copper-iron 
sulfide ore deposits, has rarely been reported in single crystals. Well de- 
veloped, steel blue, euhedral crystals were found by one of us (G.K.) in 
August 1956 at the Coppercorp Limited Mine of the Mamainse Point 
copper area, Ontario, Canada. The hand specimen shows bornite crystals 
growing on barite (Fig. 2), an association previously reported only from 
the Cheshire locality in England. 


GENERAL GEOLOGY 


The Mamainse Point copper area is located on the east shore of Lake 


Superior in the district of Algoma and lies about 60 miles north of the |) 


city of Sault Ste. Marie,* The Keweenawan rocks of this area form the 
east end of the Lake Superior syncline, are the youngest in the Precam- 
brian era, and are generally unaltered. Amygdaloidal lava flows pre- 


dominate and are interbanded with a boulder conglomerate. The faults | | 
in the area are often well-defined tensional structures. Most of the copper- | 


bearing zones are faulted and the apparent horizontal displacement | 
varies from a few to more than 1000 feet. The faults are considered to be 
normal and generally dip in the direction opposite to the dip of the strata. | 

Since the geology of the Mamainse Point area is similar to that of the 
Michigan copper district, the occurrence of chalcocite and native copper 
on small fractures led to intensive explorations. These showed that, as to 
structure and mineralogy, the Mamainse copper deposits, which consist 
mostly of chalcocite on fissures and fractures, are quite different from the 


* The areal geology and individual ore deposits of the Mamainse Point copper area have 
been described by Thomson (1954), who also presented an excellent geological map and 
thus provided invaluable data for the present report. 
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Michigan copper deposits, where native copper occurs in flow tops and 
conglomerates. 

The main ore deposits are known as the C zone, the S zone, and the M 
zone (Fig. 1). The chief ore mineral is chalcocite. Native copper is found 
on a few localities. Chalcopyrite is much less common than chalcocite. A 
little massive bornite is found with chalcopyrite and chalcocite in several 
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Fic. 1. Sketch map of Mamainse Point area. Numbers in circlets along highway 17 
ndicate mileage from Sault Ste. Marie. Black and white rectangle shows shaft of Copper- 


corp Mine. 


ocalities and may be secondary. Chemical analyses have shown that a 
ittle silver occurs with the copper minerals; the silver values are highest 
where bornite is present (Thomson, 1954). 


GEOLOGY AND MINERALOGY OF THE COPPERCORP LIMITED MINE 


The Coppercorp Limited mining operations explored the C zone ore 
leposit (Fig. 1). The mine shaft is situated about 1 mile east of Hibbard 
Bay of Lake Superior. The C zone strikes almost parallel to the strata 
N 15° W), dips almost normal to them (55—-68° E) and may be a strike 


1064 G. KULLERUD, G. DONNAY AND J. D. H. DONNAY 


fault. Geologic information (Thomson, 1954) suggests that it is a normal 
fault with about 50 feet of vertical displacement. It does not outcrop but. 
has been traced for 5400 feet along the strike by 34 drill holes. It has been 


estimated to average 8 feet in width. Testing to a depth of 400 feet and on |fj 


a distance of 2275 feet showed its copper content to average 1.9 per cent. |) 
It is a fractured and brecciated zone in interbanded amygdaloidal basalt | 
and conglomerate of the Keweenawan series. The wall rocks, to a depth of | 
about 600 feet along the dip, are mostly lava flows from 20 to 100 feet | 
thick; below this horizon the zone enters a thick conglomerate band. The 
C zone consists largely of vein breccia which contains massive chunks and 
sometimes stringers of erratically distributed chalcocite. Sometimes chal- 
cocite also occurs in small fractures and amygdules in the adjacent lava. 
The breccia carries fragments of wall rocks, quartz, and calcite and is 
often vuggy (Thomson, 1954). 

Bornite crystals growing most commonly on barite (Fig. 2), but also 
frequently on quartz, were found in vugs of the breccia. Bornite crystals 
occurring on barite appear with only few exceptions to have grown di- | 
rectly by deposition from a solution, while the bornite found on quartz 
without exception appears to have been formed by replacement of chalco- 
pyrite (Fig. 3). In some cases some of the bornite which replaces chalco- 
pyrite has in turn been replaced in part by chalcocite. Because of the 
presence of residual chalcopyrite and replacement chalcocite, it was not 
possible to obtain pure bornite in amounts sufficient for chemical analy- 
sis. The exact bornite composition, therefore, is unfortunately not known. 

It was noted on crushing bornite crystals under acetone that fresh sur- 
faces are tombac colored. However, on exposure to the atmosphere such | 
surfaces change their color immediately and will after only a few seconds 
have acquired a pinkish cast. On continued exposure the pinkish color 


changes through brownish purple and purple to deep purple and finally |f 


an iridescent blue. 


CRYSTALLOGRAPHY 


Bornite crystals (at first presumed to be single crystals) were detached | 
from the barite crystals found on the hand specimens. Examined under 
the binocular microscope they show the cube as their dominant form, 
modified by small faces of the octahedron. Their cube edge ranges in 
length from 0.2 to about 1.5 mm. The appearance of these edges consti- 
tutes the most striking morphological feature of the bornite crystals 
examined: every cube edge is replaced by a “‘staircase’’ of indentations, 
which consist of alternating octahedral faces, as could be established by a 
detailed study on the two-circle reflecting goniometer. For instance (Fig. 
4) the three edges that meet at the cube corner truncated by (111) are re- 
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3(a) 3(b) 


Fic. 2. Bornite cube on barite crystals. Hand specimen. 
Fic. 3. (a) Residual chalcopyrite (white) replaced by bornite (dark gray). Polished 
section. 
(b) Chalcopyrite (white) replaced by bornite (dark gray), in turn replaced by chal- 
cocite (light gray). Polished section. 
Fic. 4. Bornite “‘crystal’’ with cube truncated by octahedron. Cube edges show stair- 
» cases due to alternation of octrahedral faces. Hand specimen. 


| placed by an alternation of (111) faces with (111), (111), or (111), respec- 


tively, according as the edge is parallel to the a, 6, or ¢ axis. A survey of 
the available crystals shows that the height of the steps in the “‘staircase”’ 
/ranges from 0.01 to 0.05 mm. These steps are visible on the figure, where 


! they appear as small illuminated trapezia, between large and darker cube 


faces. 
_ Several chips were studied by #-ray diffraction, on the rotation, Weis- 
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senberg, and precession cameras, using MoKa and CoKa radiations. Two 
types of crystalline edifices were observed. 

One type appears cubic, as shown by rotation patterns taken about the | 
three crystallographic axes. We find cell edge a= 21.94 +0.06 A, and dif- 
fraction aspect P***, provided weak reflections are taken into account. | 

The second type* is metrically tetragonal with a=b=21.90+0. 06, | 
c=10.95+0.03 A, but the symmetry of the edifice, as determined from| 
the relative intensities of the diffraction spots, is not higher than ortho- 
rhombic, with primitive lattice mode. Our observations agree with those 
reported by Frueh (1950) on low-temperature bornite from Bristol, Con- 
necticut. Frueh gives the following cell dimensions, a=b=21.94, cif 
= 10.97 A, and considers his material to be primitive orthorhombic and 
pseudotetragonal. He later informed us, however (priv. comm., July 28, 
1958), that he had been dealing with a ‘multiple crystal.’”’ Quoting him: 
“the reason it was called orthorhombic was that the intensity of reflec 
tions did not show 4-fold symmetry. From the smaller fragment it ap- 
pears to be truly tetragonal with a= 10.97 and c= 21.94 A.” Since then, | 
Morimoto and Kullerud (1959) have established beyond doubt that thei} 
true symmetry is indeed tetragonal, with a=b=10.95, c= 21.90 A, space} 
group P42,c, and that the apparent symmetry results from the twinning 
(by 90° rotation about an @ axis) of two crystals with different volumes 
This tetragonal form has been found by Morimoto and Kullerud (1959) 
on synthetic samples and also on an annealed specimen from the Copper-i’ 
corp locality. Our cubic type could likewise be explained as a trilling ofl ) 
the tetragonal form, in which the three mutually perpendicular crystais#) 
would have equal volumes. 


A powder pattern of bornite of our “cubic” type was obtained on thé 
Philips diffractometer. With very strong amplification one peak is ob-f 
served, at 20=31.9° in FeKa radiation, that can be indexed only if they 
cell edge is 21.90 A. Its symbol is 643. All other peaks could be indexed ont) 
the cell reported first by de Jong (1928) and later by Lundqvist and 
Westgren (1936): a= 10.93 A, space group Fd3m. It is possible that these 
authors did not observe any weak reflection that would have require Y 
doubling the cell edge, or else they were dealing with a structural typed 
that has not been confirmed for low-temperature bornite by later in 
vestigators. (A cubic cell with a= 10.97 A and space group fm3m, F432, on 
F43m has been reported by Frueh, 1950, for high-temperature bornite.)|p 
For a bornite crystal from Cornwall, Tunell and Adams (1949) reporte | 


* In a preliminary report (Carnegie Institution of Washington Year Book 57, 1957-58) F 
p. 248) the limits of error on the value of a and b are misprinted as +0.006. 
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Fic. 5. Schematic explanation of bornite rotation pattern (observed by Tunell and 
Adams). The provosed intergrowth of two cubic forms, one with a=2X5.47 A (found by 
Lundqvist and Westgren) and a second one with a=3X5.47 A (not yet reported in the liter- 
ature) accounts for the observed absence of first, fifth, seventh, and eleventh layer lines. 


a metrically cubic type with cell edge 32.8 A, but with non-isometric 
symmetry. They made the intriguing observation that a rotation photo- 
graph, which they obtained from a crystal rotating about a ‘‘cube”’ edge 
and which gave them their value of a, does not show the first, fifth, 
seventh, and eleventh layer lines. 
We have attempted to find an explanation for the Tunell-Adams ob- 
servation. The large cell content of a cube with a=32.8 A—1080 copper 
atoms, 216 iron atoms, and 864 sulfur atoms—makes us suspect that we 
are dealing with a complex edifice, either a twin as in digenite (Donnay, 
-Donnay, and Kullerud, 1958) or a syntaxic intergrowth of two distinct 
phases as with andorite IV and andorite VI (Donnay and Donnay, 1954). 
Either hypothesis provides an interpretation of the Tunell-Adams rota- 
tion pattern. The missing layer lines could be missing as a result of the 
/intergrowth of two phases, one rotating about an edge* of 10.94=2X5.47 
A, the other about an edge of 16.41=3X5.47 A, as is shown in Fig. 5. The 
‘repeat of 10.94 A is available in the cubic type of Lundqvist and West- 
'gren, as the c length of our ‘“‘orthorhombic”’ form, or as the a length of the 
tetragonal form. The 16.41 A repeat has recently been found (Morimoto 
-and Kullerud, in preparation) on synthetic material. 


* Tn the preliminary report (C.I.W. Year Book 57, p. 249) two cubic forms had been 
“suggested; their a values were misprinted in the legend of Fig. 46 as 2.547 and 3.547 A, 
instead of 25.47 and 3X5.47 A. 


I 
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AN INTERSTRATIFIED MIXTURE OF MICA 
CLAY MINERALS 


SUSUMU SHIMODA AND TosHi0 Supo, Tokyo University of 
Education, Tokyo, Japan. 


ABSTRACT 


Various kinds of mixed-layer minerals are found in close association with the hydro- 
thermal pyrophyllite diaspore deposit of the Yonago mine, Nagano Prefecture, Japan. 
The reference specimens occur as vein-shaped masses in the pyrophyllite bodies. It almost 
agrees with allevardite chemically: SiO:, 43.17%; AlO;, 33.54%; FeOs, 0.26%; FeO, 
| 0.13%; TiO2, 0.51%; CaO, 0.52%; MgO, 0.65%; K20, 2.84%; NaO, 0.38%; P205, tr.; 
_ HO (+), 10.48%; H2O0 (—) 7.75%; Total, 100.23%. X-ray data strongly suggest that the 
 26.1+1 A spacing can be attributed to a complex combination of the 10 A mica clay- 
mineral structure and its more hydrated forms. Ideally three kinds of structures can be 
| considered as ‘“‘A”’ (10 A structure . . . a mica clay-mineral structure), ‘“B” (12.48 A struc- 
ture... the silicate layer alternating with a single layer of water molecules), and ‘“‘C” 

(15.16 A structure . . . the silicate layer alternating with a double layer of water mole- 
- cules). It can be appropriately inferred that the 26 A spacing is nearest to that attributed 
_ to a random piling of A+C and B+C structures in equal proportions. It is reasonable 
to consider that small amounts of potassium ions are still retained even in B and C structure. 


INTRODUCTION 


A short time ago, a 26 A clay mineral was found in the alteration zone 
around the hydrothermal gypsum deposit of the Tsutsumizawa ore body 
'of the Hanaoka mine, Akita Prefecture, Japan (Sudo and Hayashi, 
1955). More recently a 26 A clay mineral was found in the alteration 
zone of the Kamikita mine, Aomori Prefecture, Japan (Sudo, Hayashi, 
and Yokokura, 1958), but the above workers could not provide their de- 
tailed mineralogical properties because of difficulty in obtaining pure 
_ specimens free from impurities. Subsequently the present writers found 
the 26° A clay mineral from the Yonago mine (pyrophyllite diaspore de- 
posit), Nagano Prefecture, and noticed that the mineral also agrees with 
the Hanaoka and Kamikita materials, and a pure natural specimen was 
found almost free from impurities. Thus such minerals are not so rare as 
we have hitherto anticipated, and the present mineral is considered ap- 
propriate for the description of its mineralogical and crystallographic 
properties. 


——— = — 


a 


Mopr OF OCCURRENCE 


Pyrophyllite deposits are found in many localities in Japan, usually ac- 
companing corundum, diaspore, kaolinite, dickite, nacrite etc. Most of 
them are important mineral resources for the firebrick and paper indus- 
tries. They are also important because of their mineralogy and geology. 
But many mineralogical problems remain unsolved because of their very 


- 
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complex mineral associations. The Yonago mine now being considere} 
one of the important pyrophyllite-diaspore deposits in Japan. | 

The area near the ore deposit consists of fine grained sandstone 4 
shale intruded by porphyrite and andesite dykes. All of these rocks \f 
covered by a lava flow. The ore deposit occurs along the boundary z 
between the porphyrite and andesite dykes replacing both of these rod 
The ore bodies consist of diaspore, clay minerals, quartz and pyr| 
Diaspore occurs as compact or powdery masses mostly cemented | 
pyrophyllite. 

About eighty specimens were collected in the area including the + 
deposit, and the amounts of the minerals in each specimen were es 
mated by x-ray analyses using an internal standard of fluorite. Sta 
curves were made using pure clay minerals from the other localities. ° 
confirmed minerals are diaspore, pyrophyllite, quartz, sericite, kaolini 
halloysite, montmorillonite, and pyrite. By plotting the result of | 
qualitative estimations of these minerals except pyrite, zonal distri’ 
tions were confirmed particularly with regard to the distributions 
diaspore, pyrophyllite, and kaolin minerals. The center of the zonal cf 
tribution was confirmed in two different places; in both of which | 
zonal distributions were found to be (diaspore and pyrophyllite 
(kaolin minerals)—(quartz), going progressively away from the cent: 
The mineral names written in parentheses are those of the principal m: 
erals in each zone. The boundaries between these zones are not sha 
but gradually grade into one another. Diaspore is rather more domina} 
in the central area than pyrophyllite, but in most cases both of the: 
minerals occur mixed with each other in various proportions. Pyri| 
crystals are dominant in the kaolin mineral zone. Sericite occurs in sms} 
amounts throughout these zones, but tends to be dominant in the siliciou 
zone. Montmorillonite occurs locally in the silicious and kaolin miner. 
zones. Clay minerals showing large spacings in their powder diffractiot 
data are frequently noted: 

Type I (specimens 11 and 63): This mineral shows a 26 A spacing an| 
will be discussed in detail in this report. It occurs widely in the ore are: 
particularly dominantly in the pyrophyllite-diaspore zone, frequently 
vein-shaped masses in the pyrophyllite bodies. 

Type II (specimen 1): This mineral also shows a spacing of about 26 4 
and occurs only in the kaolinite zone. Because of difficulty in obtaining | 
pure sample, we could not ascertain its detailed mineralogical properties 
but it seems to agree with rectorite (Bradley, 1950), or the 26 A clay 
mineral found from the Honami pyrophyllite deposit, Nagano Prefectur: 
(Kodama, 1958). | 


Type III (specimen 38): This is found rarely in the silicious zone a: 
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thin crusts covering silicious rock fragments. The silicious area usually 
shows brecciated structures consisting of silicious rock fragments. Be- 
cause of difficulty in obtaining a pure sample, we could not determine its 
detailed mineralogical and properties, but it seems to agree with the 
aluminian mixed-layer mineral recently found from the Kamikita mine, 
Aomori Prefecture (Sudo and Kodama, 1957). 


26 A Cray Minera (Type I) 


Macroscopic properties: This mineral occurs as white compact masses 
with greasy luster resembling the pyrophyllite masses, and is associated 
with the pyrophyllite-diaspore zone. We could not determine its detailed 
mode of occurrence, but some of it surely occurs as vein-shaped masses in 
pyrophyllite bodies. 

By x-ray testing, we found specimens almost free from impurities, and 
obtained the following data from the crude specimens. Their x-ray re- 
- flections consist of the clear and sharp 26 A reflection and its higher orders 
except the weak 4.27A reflection which is probably due to a small 
amount of impurity. On close examination of the 26 A reflection under 
various experimental conditions as studied with a slow scanning speed, or 
using the internal standard of a-stearic acid, the spacing appears to vary 
slightly from specimen to specimen. Basal spacings obtained from nine 
reference specimens and also the mean values of each set of basal reflec- 
tions are given in Table 1. From each of these mean value the 001 spac- 
ings were calculated, and 26.1+1 A was obtained as the final mean value. 


TaBLE 1. BASAL SPACINGS OF THE 26 A CLAY-MINERAL FROM THE YONAGO MINE 


1 2 3 4 5 6 
001 
d I d I d I d Th d I d I 
001 28.5A | 61s | 27.6A | 66s] 26.8A | 91vs| 26.8A | 91vs| 28.5A | 44m | 26.84 | 605 
002 12.8 | 52vs IO | ase1eO les 10 14s Niels ise 
005 S10 || Deng 5.09 139s | 5.12 |40vs] 5.12 |27vs| 5.06 | 34s 
008 3.24 | 30s BT Nasu Sete | 42im |) 3.278 | 40vsale S25 a \eGeem 
00.10] 2.57 |26s 257 32s | 2.57 |32s-| 2.5% 1 42vs+—2 57> [135s 
7 8 9 Mean 
= d(001) 
d I d I d 9 d 
001 27.6A | 50m | 27.6A | 20b| 28.5A | 21b 27.6A 27.6A 
002 12.9 25.8 
005 5.10 25.5 
008 3.25 26.0 
00.10 2.57 ASCH 
| | Mean 26.1+1A 
i 
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Worthy of notice is that the 26 A reflection is usually accompanied by 
a tailed reflection on its small angle side, but we could not find reflections 
attributable to superstructures of the 26 A one. 

Effects of heat (Table 2): The specimen analysed by «-ray diffraction 
was heated at each of the temperatures 300° C., 500° C., 700° C., 900° C., 
and 1000° C. for one hour and sealed into a glass tube immediately after. 
cooling, and kept in the sealed glass tube until it was studied by «x-rays. 
In the specimen heated at 300° C. for one hour, the 26 A reflection was | 
just visible, and its higher order reflections were somewhat weakened. | 
The 13 A reflection shifted to a 10.3 A reflection, and the 5.10 A reflec- 


TaBLe 2. X-RAy DiFrRACTION DATA FOR THE AIR-DRYED 26 A Cray MINERAL 


(CuKa, 1.5418 A) 


Room temp. 300° C. 500° C. 700° C. 900° C. 1000° C, 
d I A I d I Fey ht a I Z I 
26.7A | 40 vs 24.5A | 3vb 
184A | 2b 
13.0 33. v 
‘ dS EAU eeSub ie eats SoA aera) 
10.3A | 12b | 10.9 5b | 10.4 Bi) | 10.3 15s | 10.3A| 2b 
9.9 6b | 10.0 10 b 
9.3 3b 
5.10 | 16s 5.01 8m | 5.07 5b 5.04 9s 5.07 | 10s 5.09 | 3m 
4.48 19s 4.51 20 vs 4.53 PDS 4.51 38 vs 4.51 42 vs 4.50 | 8m 
A || ass || AL || ise |) Mesa 3s 4.27 7 vs 
3.87 4vb | 3.92 6b 
3.80 6b 
3.52 3 vb 3.55 5b 
3.47 3b 
3.40 | 8vb 
3.35 6s Soe | 0en | Geo | Divs |) S.05 |] aoa 
27 6s 3.29 11b 3.29 8s 3.24 7 vs Sheil 9vs S20 | MAES: 
3.10 4b 
3.03 2vb | 3.08 4b 
2.84 2vb | 2.88 3b 
2.70 | 2b 
2.56 | 13s iG | 19H 2.59 9m | 2.59 | 10b 2.59 | 11m 
2.51 3vb | 2.52 5b 2.54 | 3 vb 
2.49 3b 2.46 4vb | 2.49 5b 2.48 3vs | 2.49 4b 
2.44 4b 2.42 3vb | 2.41 3vb | 2.41 4b 
2.39 4b 2.35 4b 
DO 3b 2.26 3 vb 2.26 Gun | wo |) Bip 
2.19 3 vb 
Nei} 3vb | 2.14 3b DAG 4vs | 2.13 2b 2.13 | 2 vb 
2.03 2b 2.01 4vb | 2.01 5b 
1.99 Sb 
1.79 4b iL 3b AL iis 3vb 
1.69 3b 1.69 3b 1.63 3vb | 1.67 3vb | 1.69 5b 1.68 | 3b 
1.65 3 vb 
1.55 5s 
1.49 7m 1.50 9m | 1.51 3b 1.51 4b ih SP 4b 


vs: very sharp. s: sharp. m: medium. b: broad. vb: very broad. 
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tion was replaced by a 5.01 A reflection. The 3.27 A reflection became 
broader, and its spacing was replaced by a slightly larger spacing of 
3.29 A. In the specimen heated at 500° C., the 26 A reflection was still 
just visible. Its higher order reflections became weaker than in the case of 
the specimen heated at 300° C. The 3.27 A reflection was replaced by a 
broad reflection with a slightly larger spacing of 3.35 A. Worthy of special 
attention is that the 10 A reflection acquired a tail toward its low angle 
side. A very broad reflection at about 11.5 A could be recognized on its 
tailed reflection. Such behaviour is closely similar to that of the tailed re- 
flection accompanying the 10 A reflection in the crude specimen of the 
Kamikita material. After heating to 700° C., the weak and broad 2.45 A 


Gl ae ee 


SS 


100° 00cm sues 1000°¢ 


Fic. 1. D.T.A. curves of the 26 A clay mineral from the Yonago mine. Above: 
specimen in natural state. Below: specimen treated with piperidine. 


reflection appeared; the intensities of the 10 A and 5 A reflection became 
somewhat more intense, but the 3.34 A and 4.51 A reflections became re- 
markably intense. The tailed reflection was still confirmed. After heating 
to 900° C., the intensities of the 10 A, 5 A, 4.5 A and 3.35 A are similar to 
those in the specimen heated at 700° C., but the 26 A reflection as well as 
the tailed reflection completely disappeared, and the very weak 19 A re- 
flection appeared. In the specimen heated at 1000° C., the reflections 
were weakened, except the 4.50 A and 3.40 A reflections. The result ob- 
tained above suggests that the 26 A spacing seems to be related to hydrous 
states of the 10 A structure. 

Differential thermal analysis curve: The differential thermal analysis 
curve of the specimen analysed by x-rays shows the broad endothermic 
peaks at about 600° C., and also between 700° C. and 800° C., except a 
clear endothermic peak between 100° C. and 200° C. (Fig. 1, above). The 
specimen was soaked in piperidine for about 10 minutes, and dried on a 
water-bath. The specimen thus pretreated was analysed thermally (Fig. 
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1). Its thermal curve shows an additional exothermic peak between 
600° C. and 700° C. as in the case of montmorillonite or vermiculite. 

Chemical composition: The specimen analysed thermally and by x-rays 
was also analysed chemically. Its chemical composition is as follows: 
SiO, 43.17%; AleOs, 33.54%; TiOe, 0.51%; Fe2Os, 0.26%; FeO, 0.13%; 
CaO, 0.52%; MgO, 0.65%; K2O, 2.84%; NaeO, 0.38%; PsOs, tr.; H2O 
(+) 10.48%; H2O (—) 7.75%, Total, 100.23%. It is worthy of note 
that the mineral almost agrees with allevardite (Caillére, Mathieu- | 
Sicaud, and Hénin 1950; Brindley, 1956), except that the amount of po- | 
tassium is slightly larger and the amount of sodium is smaller in the pres- | 
ent material than in the case of allevardite. The structural formula was 
constructed on the basis of the number of ions in the octahedral and 
tetrahedral positions as 12 for the sake of comparison with that of alle- 
vardite. 


(Nao. 16Ko. 52C€p.08) (Als, sale9.o2F ey.02Mg0.08) (Sis. Ah. 87) O17.6s(OH) 7.44 


Treatment with water or ethylene glycol gave no unique results; they 
seem to vary slightly even from portion to portion in a hand specimen. 
Treatment with water always caused the 26 A reflection to be replaced 
by the 29.2+1 A reflection, but treatment with ethylene glycol caused no 
expansion in some specimens, yet clear expansion to about 28 A in others. 
Treatment with ammonium nitrate solution (1 N) by boiling for 10 || 
minutes caused no remarkable change except the 26 A and 13 A reflec- |} 
tions became somewhat broad. i] 

X-ray analysis: In general, the powder reflections are somewhat | 
broad, and we could obtain only five basal reflections for crystallo- |} 
graphic considerations even with a slide of well-oriented aggregates. |} 
Therefore we could not obtain reliable data for Fourier synthesis of the || 
electron density or the Fourier transform (MacEwan 1956). But we || 


could suggest the probability of occurrences of spacings of about 10 A, 
13 A, and 16 A. 


DiIsCUSSION | 


The present material has mineralogical properties almost agreeing 
with those of allevardite, but the following slight differences exist be-|) 
tween them, which must be considered in drawing a conclusion: | 

(1) For allevardite, the largest spacing obtained was 24.12 A in air- -dry} 
unheated material, and very many basal reflections were found. In the} 
present case the «-ray powder reflections are generally broad, and only}) - 
five basal reflections are available. The 26 A spacing varies slightly from) 
specimen to specimen, and even from portion to portion in a hand speci-/4 
men, and is accompanied by a tailed reflection on its low angle side. But} 
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we could not find reflections due to super-structures by the small-angle 
scattering technique. 

(2) The intensities of the x-ray powder reflections of the specimen 
heated at 900° C. almost agree with the calculated intensities for the 
regular piling of the 10 A mica clay-mineral structure and its silicate layer. 
But the 10 A reflection is stronger than its calculated value, which im- 
plies that the 10 A structure may be also produced in the firing product. 

On this basis, it may be inferred that the 26 A spacing is not necessarily 
attributed to a unique regular piling of the 10 A structure and its more 
hydrated one, but to a more complex mixed-layer mineral; it is strongly 


TABLE 3. OBSERVED VALUES OF SPACINGS AND INTENSITIES OF SOME BASAL REFLECTIONS 
COMPARED WITH THEIR CALCULATED VALUES OBTAINED FROM A RANDOM 
Mrxrep-LAYER STRUCTURE OF A+C anp B+C STRUCTURES 


Observed values Calculated values 
d I d I 
001 26.1A 1 26 A 1 
002 12.9 0.52 12 0.40 
005 5.10 0.18 5 (ORS 
008 2525 0.32 Soil 0.30 


suggested that the 26 A spacing is due to a random piling of two struc- 
tures with spacings near to 26 A. 

As already shown by Brindley (1956), the cell heights of the hydrated 
forms of the mica clay-mineral structure are as follows: 

A: 9.98 A—mica clay-mineral structure. 

B: 12.48 A—potassium ions are completely replaced by a single layer 
of water molecules. 

C: 15.16 A—potassium ions are completely replaced by a double layer 
of water molecules. 

Of course these three models are ideal ones. We can consider inter- 
mediate states as potassium ions are still associated with water layers. 
But since the amount of potassium associated with the water layers is 
small, the fluctuation of these cell heights may be small, and the prin- 
cipal cell heights can be grouped at about 10 A, 13 A, and 16 A, which 
were already suggested by Fourier-transform diagram. 

Various combinations were considered and finally it was shown that 
the structure of a random piling of 25.1 A (A+C) and 27.6 A (B+C) 
in equal proportions, gave the calculated intensity values nearest to ob- 
served ones (Table 3). Actually, it may be more appropriate to consider 
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that some potassium is still preserved even in the B and C structures be- 
cause, as shown above, it seems that the firing product at 900° C. is not 
solely composed of a regular piling of the 10 A mica clay-mineral struc- 
ture, its silicate layer, but also of some amounts of the 10 A structure. 
Worthy of special attention is that a tailed reflection appears asso- — 
ciated with the 10 A reflection on heating. This fact suggests that various _ 
spacings slightly different from the 10 A spacing occur on heating, and 
also suggests that dehydration did not occur uniformly throughout all | 
the layers on heating. Furthermore in relation to this fact, it is also | 
worthy of notice that effects of treatments with ethylene glycol are not 
unique. This fact implies that the crystallochemical behavior of the 
potassium ions is not unique; some of them are exchangeable and others || 
not. 


ORIGIN 


On the basis of the model, it seems likely that the mineral now in 
question is a mica clay mineral partially altered by hydration and leach- | 
ing, the degree of which may vary from place to place, as shown by | 
variation of cell heights and organic complexes. It is believed that with |} 
increase of hydration and leaching, potassium ions decrease and the |} 
number of layers of water molecules increases. Thus, although potas- | 
sium ions are still preserved in the water layers, the amount can be ex- || 
pected to be less in the case of a double layer than in the case of a single || 
layer. If the mineral is an alteration product of the 10 A mica clay min- | 
eral it is possible that the mineral is not necessarily represented by the ‘| 
ideal model, but small amounts of potassium ions are still preserved |) 
in B and C structures. | 

The above statement can be supported by the mode of occurrence of |) 
this mineral, namely, in the central area of the deposit closely associ-+) 
ated with pyrophyllite-diaspore which may have been formed in aj} 
leaching environment. In the case of the Kamikita material, the 26 All” 
minerals are dominant in the central area of the deposit associating with) 
pyrophyllite and pyrite, and the 10 A mica clay mineral is rather dom-|| 
inant on going outward. | 

Recently one of the writers emphasized the concept of the intermedi--| _ 
ate mineral in clay mineralogy (Sudo, 1957). It means a mineral which}! 
behaves as mineral “‘a” in some of its properties but as mineral “b” ink 
the other properties. These minerals have frequently been found betweeni 
certain principal clay minerals such as montmorillonite and chlorite} 
It is frequently noticed that some of these intermediate minerals have at 
mixed-layer structure with two kinds of minerals. Thus the present!) 


; 
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material may be described as an intermediate mineral, formed during 
the hydration of the 10 A mica clay mineral. 
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RANQUILITE, A CALCIUM URANYL SILICATE 
M. Jiménez DE ABELEDO, Maria RopDRIGUEZ DE BENYACAR 
AND ERNESTO E. GALLONI, 


Comision Nacional de Energia Alémica, Buenos Aires, Argentina. 


ABSTRACT 


A new uranium mineral, named ranquilite, has been found in Mendoza Province, |} 
Argentina. The probable formula is 1.5CaO-2UO;5SiO.-12H,O. The orthorhombic unit 
cell has ap=17.64 A, bb =14.28 A and co=18.48 A. Z.=8, G.=3.32. Samples heated to df 


110-120° and to 130-140° C. show certain changes in the x-ray powder pattern suggesting ¢/ 
two lower hydrates. After exposure to the air, the original pattern is again obtained. 


INTRODUCTION 

Late in 1957 the Geological Service Laboratory of the Argentine | 
Atomic Energy Commission received samples from the Ranquil-C6 
area, Portezuelo Hill, Malargtie Department, Mendoza Province, Ar- 1 
gentina, consisting of gypsum associated with calcite and some limonite |) 
Very small amounts of a fluorescent uranium mineral appeared in fis- 1 


mg. of this mineral with small amounts of gypsum. X-ray powder photo} 
graphs and semi-quantitative spectrographic analysis indicated a new\y 
calcium uranyl silicate, that was named ranquilite from the occurrence] 
(Gh, OM ee | 

The fine-grained character of the mineral precluded the measure+}_ 
ment of any optical properties other than the mean index of refracj}) 
tion, which for analyzed material is 1.564. The density les between 
2.89 and 3.32. The mineral is easily soluble in acids, and yields a silic44 
gel. It turns ocher-yellow on heating. i 

With the arrival of new samples it was possible to continue the study 
of the mineral. From 1.5 kg. of rock, about 2 gms. of relatively purq) 
ranquilite were separated by hand. This was divided into several fract) 
tions according to the estimated proportions of gypsum. Several very) 
pure grains were reserved for x-ray photographs, electron microscop}} 
and electron diffraction. The chemical analyses and dehydration studies} 


= 


were performed on the fractions containing gypsum (amounts rangin)) 
from 1 to 10%). iW 
CHEMICAL COMPOSITION | 

Chemical analyses were performed on three different samples weigh E 
ing 100 mg. or less each; the proportion of gypsum in those samplé{, 


ranged from 6.3 to 1%. The results showed good agreement; data fron} 


one of the analyses are shown in Table I;* column (e) shows the chem} 


Chemical Analyses by Enrique Garcia, General Chemistry Laboratory, Argen tit} 
Atomic Energy Commission. , 
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TABLE I. CHEMICAL COMPOSITION OF RANQUILITE 


Chemical composition of sample of Chemical composition 
ranquilite with gypsum impurity of ranquilite 
aay, Data recalculated 

On ignited sample < 
; to sample as is 
(a) (b) (c) (d) (e) 
(b) X.806 (d) X 100/96.72 
SiO2 31.9 31.9 Dye ial DS 1 26.6 
U;0s 56.3 56.3 45.38 45.38 46 8 
CaO 9.0 8.23 6.63 6.63 6.9 
SO; Ihe = aa = = 
H.0 (Loss on igni- — — 19.4 19.0 19.6 
tion on _ total a = 
sample.) 96.72 99.9 
CaSO, = 1.87 il Sil — — 
CaSO;:2H2O = all = 1.91 = 
Total 98.3 98.3 98.63 98.63 99.9 
H:0-% 8.1 
Loss on 
Ot ignition —11.5 
H0°% Penfield 


( method —11.1 


(a) Results of analysis as made. 

(b) SO; recalculated as CaSO; 

(c) and (d) Data recalculated to sample as is, on the basis of total water content, 
19.4%. 

(e) Results adjusted to 100% after deducting gypsum. 


cal composition of ranquilite adjusted to 100% after deduction of gyp- 
sum. The probable formula, according to these analyses is: 


1.5CaO-2UO3:5Si0O2:12H20 


Spectrographic semiquantitative analyses showed the presence of about 
1% Al and 1% Mg, but those elements were not determined chemically. 
The following elements were looked for, but not found, on the spectro- 
Braphic plates: Ag, Tl, W, Ti, Sb, Sr, Li, Cr. 
According to dehydration experiments, besides water lost at low 
temperature, (OH) groups are present in the mineral. 


X-RAy DIFFRACTION 


Owing to the very small size of the crystals no single crystal pattern 
could be obtained. Table II shows data from a powder pattern taken 
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in a 114.8 mm. diameter camera, with CuK, radiation. Patterns taken | 
with CoK, radiation failed to show reflections with spacings larger than | 
9.3 A. 

From a small block three patterns were taken; the sample, kept sta- | 
tionary, was successively orientated in three directions at 90°. Powder | 
patterns with lines of uniform intensity distribution were always ob- | 
tained, showing that the sample consisted of microcrystals in random | 


orientation. 


ELECTRON DIFFRACTION AND ELECTRON MICROSCOPY 


Electron diffraction patterns and electron micrographs were obtained | 
in a three stage Philips electron microscope. Many micrographs reveal ||) 
a stacking of very thin, transparent plates, showing an excellent cleav-|| 
age parallel to the largest face of the plates (Fig. 1). 

The many single crystal electron patterns obtained were all very/| 
similar; the spots are arranged on an orthogonal net, and there is a very/} 
symmetrical distribution of intensities (Fig. 2). Colloidal graphite pat-}) 
terns, taken with the same settings of the microscope controls, were} 
used for calibration. 

Figure 2 shows a selected area diffraction pattern of ranquilite. As-})_ 
suming it represents the 0a*b* plane of the reciprocal lattice, two direc-}| 
tions at 90° were chosen for a* and 6*. The values a=17.6 A and b=7.{4] 
A result. Only 0 reflections with h+k=2n appear. 

In many S.A.D. patterns, however, intermediate rows of faint spots 


TABLE II. X¥-RAy POWDER PATTERN OF THE NATURAL MATERIAL FROM 
Ranouit-Cé (Cu/Ni; \=1.4518 A; Firm No. 83). 


d (A) I d (A) i d (A) I 
9.26 vs 2.508 vi 1.781 f HE 
8.12 : 2.405 f 1.745 si . 
6.62 f PP f 1.658 w 
5.10 w DOT f 1.626 vi t 
4.63 m Da QU) Ww 1.600 { 
4.47 78 2.186 a 1.566 i 
3.68 f 2.067 vi 1.535 vi 
3.58 m 1.980 Ww 1.497 Ww 
3.34 m 1.934 Ww eA 56 vf 
394 m 1.892 w liegt f 
3.03 vs 1.863 w 1.324 f 
2.81 Ww 1.838 W 1.310 v f | 
2.63 a 1.811 " 1.204 vi |] 

7 | 


v s=very strong; s=strong; m=medium; w=weak; f=faint; v f=very faint. 


ee ee ee 
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x 


b ca 
Fic. 2. Selected area electron diffraction pattern of ranquilite. Plane of the grid 
is approximately normal to the electron beam. 100 KV. 
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are clearly seen (Fig. 3). Those patterns may be supposed to belong ta} 
the thinnest crystals, since they show a larger central dark spot and aj 
stronger blackening. The presence of the intermediate rows has to be 
accounted for by doubling 8, giving 14 A. With this value for 6, andi 
assuming that the faint spots belong to an upper level, only those hk 
reflections fulfilling the conditions h=2n and 2h+k=4n are present} 
There are no limiting conditions for the /k/ reflections. | 

Considering the easy dehydration of ranquilite (see later), some ex.) 
periments were performed to determine whether the electron diffractior . 


I'ic. 3. Selected area electron diffraction pattern of ranquilite showing 
intermediate spots. 


patterns belong to the natural material or to an alteration product r# 
sulting from exposure to high vacuum and electron beam bombard} 
ment. Data from powder patterns obtained in a Siemens Electron Micr¢ 
scope operated as a camera, and in a Metropolitan Vickers camerd| 
both agree with «-ray powder diffraction and S.A.D patterns. 

It seems that the spots of the S.A.D. patterns represent reflection} 
that do not change while the mineral is exposed to high vacuum aril 
electron beam bombardment. i) 


* Both kindly taken Dr. Griinbaum, IDIEM Institute. Santiago de Chile. 
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DEHYDRATION STUDY 


The changes suffered by the mineral on heating were followed by the 
changes in the x-ray powder patterns. 

Samples contained in glass capillaries or mounted in the sample 
holders of the Philips wide range goniometer, were heated to different 
temperatures for periods ranging from 6 to 24 hours. Photographic pat- 
terns or goniometer records were taken immediately afterwards; the 
capillaries were heat-sealed prior to the taking of the patterns. 

Some samples were exposed again to room conditions once the pat- 
terns were obtained; others were kept in chambers with known humidi- 
ties. Later, x-ray photographs were taken again. 

These experiments show that: 


(a) There is a change in the diffraction pattern after heating the mineral to 110- 
120° C. On the photographs several lines shift to positions of smaller spacings; 
particularly the line d=9.3 A changes to 8.2 A and the line d=4.62 A to 4.11 A. 
The change coincides with the loss of water at 110-120° C. recorded by the chemical 
analyses. 

(b) On two experiments the mineral was heated to 130-140° C. for 14 hours. The x-ray 
pattern showed a line with d=7.3 A, while the lines with d=8.2 A and d=4.1 A 

. were not present. A third “hydrate” is suggested. 

(c) Samples that had been heated, if left for a time at room conditions, gave again the 
pattern of the ‘‘natural’” material. Samples kept in chambers with 32, 50 and 75% 
relative humidities, gave also the original pattern. No intermediate steps could be 
detected. 

(d) The goniometer records show that the intensity of some lines, already present in 
the “natural” pattern, are greatly enhanced after heating, while the intensity of 
other lines is much reduced (Fig. 4). 

(e) Goniometer records taken after the dehydrated samples were kept at room condi- 
tions for a while, showed again the original spacings, and approximate intensity 
relationships. 


From these results it was concluded that two forms with different 
amounts of water are present in our samples of ranquilite. On heating, 
Hydrate I changes to the less hydrated form (Hydrate II). Hydrate II 
rehydrates easily, by absorption of atmospheric moisture or when wetted, 
to give hydrate I. 


CRYSTAL System, Unit CELL AND UNIT CELL CONTENTS 


According to the dehydration experiments, lines belonging to two dif- 
ferently hydrated forms appear on the x-ray powder patterns of natural 
ranquilite. From the study of the lines that shift during dehydration and 
rehydration, it was concluded that the lines belonging to the form rich 
in water (hydrate I) are those listed in Table IIT. 

The values a=17.6 A and b)=14.0 A were obtained from electron 
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Fic. 4. X-ray diffraction goniometer traces of impure ranquilite. 

a) Natural material from Ranquil-Cé. 

b) Sample heated to 110-120° C. for 13 hours. 

c) Sample heated to 130-140° C. for 14 hours. 

d) Sample wetted with water and kept 12 hours in a chamber with 100% relative 

humidity, after having been heated to 130-140° C. 

The operating constants are: Radiation: Cu/Ni filtered; KVP: 36; MA 20; Divergence 
slit 1°; Receiving slit: 0.1 mm.; Scatter slit: 1°; Scale factor: 4; Multiplier: 1; Time constant: 
I seg.; Scanning speed: 0.5°/min.; Chart speed: 800 mm. /hr. 


diffraction patterns. A value for cy was obtained assuming that the 
lines that shift during dehydration represent 00/ reflections. Taking the 


line with d=4.62 A as 004, we get co=18.48 A. After having adjusted | 


these values for a better agreement with w-ray data, we get: 
ao=17.64A b= 14.28A cy = 18.48 A 


With these values for the unit cell, and assuming orthorhombic sym- | 
metry, it was possible to index all of the reflections in the ranquilite (hy- | 
drate I) pattern. As shown in Table II, for most of the spacings there | 


were several choices of indices, so it is not possible to determine the 
space group. 


The volume of the proposed unit cell is 4655 A’, and if Z=8, the re- 
sulting theoretical density is 3.32. The actual density of ranquilite lies | 


between 2.89 and 3.32. 


Ranquilite shows a similarity with the mineral zeunerite (4) in its | 


behaviour during dehydration-rehydration; by its «-ray diffraction pat- 
tern and chemical composition, it is closely related to the mineral named 
haiweeite by McBurney and Murdoch (5). 


RANQUILITE, A CALCIUM URANYL SILICATE 1085 


TasLe III. X-Ray PowbEerR PATTERN OF RANQUILITE (HypRaTE I) 


d (A) d (A) aA 
I Measured calculated* hkl I measured 
100. 9.30 9.241 002 7 2.405 
0.4 6.63 6.618 120 8 DS) 
6.661 021 
8 2.281 
13. 5.07 5.050 203 
9 22222, 
43. 4.62 4.620 004 10 2.186 
4.610 031 
4.595 130 8 2.067 
40. 4.47 4.469 104 13 1.98 
4.460 131 
4.509 123 12 1.934 
8 SEO 3.675 421 18 1.892 
3.683 133 
3.655 323 8 1.863 
3.695 005 
6 1.838 
20. Sry, SEO 040 
3. SIS 015 8 1.811 
3, Sell 224 
9 1.781 
9 3.40 3.408 205 
3.424 510 9 1.745 
30. 3.34 3.330 042 5 1.658 
3.368 511 
) 3.315 215 
SROs 034 
DV Sh Dil 3.210 512 
3.205 423 
SES 125 
3.190 404 
28. 3.037 3.035 106 
3.043 143 
ila 2.814 2.814 523 
2.819 150 
2.823 051 
2.825 044 
132 2263 2.633 425 
2.640 007 
Se 2.508 2.509 540 
De SP 515 
2.501 630 


* Calculated for an orthorhombic cell with ao= 17.64, bo: = 14.28 and co= 18.48 A. 
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Recently a new occurrence of ranquilite, associated with uranophane, 
has been reported in the San Sebastian Mine, Safiogasta area, Chilecito, 
La Rioja province, Argentina. Ranquilite has been identified by its 
x-ray diffraction pattern by Dr. Roberto O. Toubes* who is now study- 
ing the samples. 
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NOTES AND NEWS 
X-RAY CRYSTALLOGRAPHY OF LARDERELLITE, NH,B;0,(OH),* 


Joan R. Crark, 
U.S. Geological Survey, Washington 25, D.C. 


Because of the minute size of all larderellite crystals available at the 
time a recent study of ammonium pentaborates was made (Clark and 
Christ, 1959), neither density nor single-crystal x-ray data could be ob- 
tained. Since that time, however, crystals of suitable size for such 
studies have been found on a specimen of larderellite from Larderello, 
Italy. The present note describes the results of examinations of these 
crystals. 

The larderellite specimen was given to W. T. Schaller, U. S. Geologi- 
cal Survey, by Professor Stefano Bonatti, Director, Mineralogical Insti- 
tute, University of Pisa, Italy. I am most grateful to Dr. Schaller for 
allowing the use of crystals from this specimen and for providing the 
prepublication results of chemical analyses carried out by himself and 
Angelina C. Vlisidis, U. S. Geological Survey, and of density determina- 
tions by M. K. Carron, U.S. Geological Survey. I am also indebted to 
my colleague, C. L. Christ, for numerous valuable suggestions. 

Single-crystal «-ray data for larderellite, obtained by precession- 
camera techniques of the kind described in Clark and Christ (1959), are 
given in Table 1. Similar data found by Marinelli (1959) are also given 
in Table 1. His results became known to me only after completion of 
the present x-ray study, and the agreement is gratifying. The optical 
orientation given by Marinelli (1959), Y=8, and the perfect cleavage 
parallel to (100) as defined by the cell of Table 1, are both confirmed. 

The density for larderellite was obtained with a pycnometer for a 1 g. 
sample, and the value is 1.905 +0.004 g. cm.~* (M. K. Carron, oral com- 
munication). The chemical formula usually ascribed to larderellite is 
(N H4)2BioO1g:5 H2O (Palache, Berman and Frondel, 1951). For the ex- 
perimentally determined cell volume of 830.9 A® (Table 1), with two of 
these formula units per cell, the calculated density is 1.959 g. cm.~%, so 
that the discrepancy between observed and calculated densities is suffi- 
cient to cast doubt on this chemical formula. New chemical analyses 
by Schaller and Vlisidis (oral communication) are compatible with as- 
sumption of either (NHy4)2BioOi.-4H2O or (NH4)2BioOiw-453H2O. The 
calculated density based on two formula units per cell of the former is 
1.887 g. cm.-, of the latter, 1.923 g. cm.~*; both these calculated values 
are in reasonable agreement with that of the observed density. 


* Publication authorized by the Director, U. S. Geological Survey. 
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TABLE 1. CRYSTALLOGRAPHIC DATA FOR LARDERELLITE 
Symmetry: monoclinic 
Marinelli (1959)* Present Study 
a 11.6540.01A 11.63+0.03 A 
b 7.63+0.01 7.61;+0.02 
Cc 9.47+0.01 9.44, + 0.03 
B OOS aB SY 96°45’ +10’ 
Volume 835.4 As 830.9 As 
Space Group P2,/a P2;/a 
Cell Contents 2[(NH,)20-5B20;-5H20 | 2[(NH,)20-5B.0;-4H20 | 
Density (calc.) 1-95 g-em-y? 1.887 g.cm.3 
(obs.) = 1.905 +0.004 
* Marinelli (1959) interchanged a and ¢ and therefore assigned space group P2;/c; 


transformation from his cell to the present one: 001/010/100. 


Christ (1960) has pointed out that both ammonioborite and larderel- 
lite probably contain the pentaborate ion, [BsOs(OH).|~!, known to 
exist in the two isostructural compounds, NHiB;O0s(OH)4:2H2O and 
KB;06(OH)4:2H2O (Zachariasen, 1938). The structural formulas for 
larderellite corresponding to the two chemical formulas are, therefore, 
NH.zB;05(OH). and NH.B;06(OH)s4:¢H2O, respectively. Four such 
formula units per cell are required in each case to obtain the calcu- 


TABLE 2. COMPARISON OF SOME CHEMICAL AND PHYSICAL PROPERTIES 
OF THREE AMMONIUM PENTABORATES 


Synthetic! Ammonioborite2 Larderellite* 


Chemical composition 
Oxide form 
Reduced form 


(NH4)20 + 5B203:8H20 
NH.:B;03:4H20 


(NH4)20-5B203-54H2O 
NH4BsO3-2%H20 


(NH41)20-5B203-4H2O 
NHiB5O0g:2H2O | 


Structural form4 NH4B506(OH)4+2H2O NH«Bs06(OH)«- ?H20 NHuBsO¢6(OH)4 
| 
Symmetry Orthorhombic Monoclinic Monoclinic 
a 11.324+0.002 A 25.27 +0.05A 11.63 +0.03 A 
b 11.029+0.001 9.6514 0.03 7.615+0.02 
C 9.235+0.004 11.56 +0.03 9.447+0.03 
B — 94°17.5’+ 05’ 96°45’+ 10’ 
Space Group Aba2 C2/c¢ (or Ce) P2i/a 
Cell Contents 4 INH4Bs06(OH)4 -2H2O] 12 [NHsBsO06(OH)«- jH20] 4{NH4B,06(OH)a] | 
Volume 1153-4A8 2811 As 830.8 A3 
Density (calc.) 1.567 g. cm.-8 1.758 g. cm.~3 1.887 g. cm,~8 | 
(obs.) 1.567+ 0.005 1.765+ 0.004 1.905+ 0.004 
Volume per oxygen atom 24.0 A® 22.0 A3 20.8 As 


! Data from Clark and Christ (1959) except cell constants; these from Cook and Jaffe (1957). 
2 Data from Clark and Christ (1959), 


3 Data of present study. 
4 Proposed by Christ (1960). 
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TABLE 3. X-Ray POWDER Data FoR LARDERELLITE, NH4B;05(OH)s 


Monoclinic P2;/a: a=11.63 £0.03, b=7.61; +0.02, c=9.44,40.03 A; B=96°45’ +10’ 


Measured Calculated! 
Marinelli (1959)? Clark and Christ (1959) Present Study 
U dirt I Angi net hkl 
50 9.45 9.38 001 
6.36 110 
39 5.954 18 5.91 5.913 O11 
17 5.83 25 5.79 Ses 200 
48 5.614 
49 5.45 71 5.44 5.429 Til 
5.198 201 
34 Soild! 50 ol, Sly itil 
eS fi 4.691 002 
77 Al YD 100 4.70 rete 201 
18 4.60 4.601 210 
18 4.31 25 4.30 4.293 Pilih 
24 4.00 25 3.99 3.994 012 
3.986 211 
3.897 i 
‘ es ee 202 
15 3.82 18 3.81 3.808 020 
24 3.68 18 3.66 3.663 112 
3.616 120 
32 Geass 4 58 Rey 23) 021 
3.450 212 
15 3.47 12 3.45 ore 202 
3.436 310 
12 3.42 a Til 
3.341 311 
43 3.374 12 3.34 13.333 121 
15 3.304 
2 3.1855 
3.179 220 
(3.141 212 
22 3.14 35 3.14 ee 003 
S22 311 
3.072 DI 


1 All calculated spacings listed for d> 2.300 A. 

2 X-ray diffractometer data, CuKa radiation. 

3 Correction for film shrinkage negligible. Camera diameter, 114.59 mm, radiation, 
Cu/Ni, \ CuKka=1.5418 A. Lower limit of 26 measurable, approximately 7° (13 A). Film 
no. 11101. 

4 Corresponds to a strong or moderately strong line on the x-ray pattern for 
KB;0,(OH),:2H2O (Clark and Christ, 1959; see Table 4, this paper). 


(Continued on next page) 
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TABLE 3 (continued) 


Measured Calculated! 
Marinelli (1959)? Clark and Christ (1959) Present Study 
it dnl I dnkl dnkt hkl 
2.956 022 
69 2.97 ral 2.960 953 21 
2.922 312 
100 2.92 100 2.921 > 916 722 
2.896 203 
100 2.887 2.893 013 
2.888 400 
2.881 113 
2.856 401 
24 Dv) 25 2.816 2.814 122 
13 2.780! 
DSH 113 
21 DS 35 DNS 2.714 222 
2.707 320, 21 
2.700 400 
2.674 411 
2.673 401 
10 2.675 12 2.663 2.660 321 
2.643 Sale 
12 2.637 18 2.623 2.624 203 
2.599 402 
2.556 222 
10 2.5274 6 2.545 2.546 321 
DSR 411 
2.481 213 
8 2.488 6 2.476 2.479 130 
2.460 412 
2.450 031 
Y atee 2.444 Bs) 
2.433 322 
2.417 023 
12 2.423 9 2.416 2.412 131 
2.410 123 
10 2.383 Dey) 131 
21 2.3724 
2.345 004 
eee 402 
2.324 230 
is pa \2.323 123 
2.305 223 
2 


301 420 
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TABLE 3 (continued) 
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Measured 


Marinelli (1959)? 


Clark and Christ (1959) 


Present Study 


I Ankit if d hkl 
12 2.27035 
15 DE2SS 12 2 BS 
4 2.206 
15 2.1864 
29 2.159 25 2.156 
4 Be ANSke 
11 Del 252 4 2.124 
6 2.094 
24 2.043 35 2.041 
18 2.016 12 2.013 
13 1.995 12 1.989 
6 1.967 
8 1.947 8 1.937 
7 1.920 8 1.923 
16 1.890 a) 1.887 
20 1.879 25 1.882 
iil 1.854 4 1.855 
4 1.818 
2 1.790 
Hi 1.776 4 Lage 
2) 1.764 
D 1.730 
6 ih 7ilil 4 1.710 
4 1.683 
4 1.669 
4 1.623 
4 1.615 
4 1.578 
4 1.561 
+ UN BSS 
4 1.501 
4 1.482 


plus additional 


weak lines 


5 Corresponds to a strong or moderately strong line on the X-ray pattern for sassolite. 


6 Indexes as larderellite 151; d-151= 1.969 A (calc.) 
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lated densities given above. Symmetry requirements of space group 
P2,/a can then be invoked to rule out the second formula, since for 
4[NH,B;0¢(OH)s:+H2O] per cell, the total number of oxygen atoms in 
the cell is 41, whereas the space group contains only general fourfold 
and special twofold positions, making mandatory an even number of 
each kind of atom in the cell. On the basis of all available evidence, | 
therefore, the most probable chemical formula for larderellite is | 
(NH,)2BioOis-4H2O, and the most probable structural formula, 
NH,B;06(OH)s. A comparison of some of the chemical and physical 
properties of the three ammonium pentaborates, larderellite, ammonio- 
borite, and synthetic NH4Bs06(OH)4-2H20, is given in Table 2. 

The observed d-spacings given by Clark and Christ (1959) for the 
x-ray powder data of larderellite are in excellent agreement with the |[ 
d-spacings calculated from the single-crystal cell constants as shown 
in Table 3. Intensities of single-crystal reflections conform qualitatively |. 
with intensities of corresponding powder lines. All calculated d-spacings || 
greater than 2.300 A are listed in Table 3, together with the observed 
data found by Clark and Christ (1959), and the diffractometer data re- 


ported by Marinelli (1959). Marinelli identifies two sassolite lines |) 


TABLE 4. COMPARISON OF SOME OBSERVED X-RAy DIFFRACTOMETER DATA FOR 
IMPURE LARDERELLITE SAMPLE WITH OBSERVED X-RAy 
POWDER CAMERA Data ror KB;0¢(OH)4:2H,O 


Impure Larderellite Sample KB;O3:4H20 
Marinelli (1959)! Clark and Christ (1959)2 

I dint (A) dint (A) I 

39 5.958 5.93 il) 

48 5.61 5.60 71 

32 3.533 Sy 84 

43 3.373 3.36 100 
15 3.30 3.28 18 
13 2.780 2.767 50 

10 DH DSF] 12 ' 
21 2.372 DBMS 9 in 
12 2.2704 2.290 9 i} ) 
15 2.186 2181 21 


‘Selected portion of data (see Table 3 for complete listing); «-ray diffractometer,| 
CuKa radiation. 

* Selected portion of data, all observed lines with I>9; camera diameter 114.59 mm., 
radiation Cu/Ni, \ CuKa=1.5418 A, measurements not corrected for film shrinkage. 

* Larderellite observed line occurs here also, 

* Sassolite observed line occurs here also. 


NOTES AND NEWS 1093 


among his observed d-spacings. In addition he records appearance of a 
line at 5.61 A which he cannot account for, suggesting that it may be a 
line due to ammonioborite, data for which were not then available to 
him. Comparison of his data with the calculated d-spacings for larderel- 
lite (Table 3) shows that the material in his sample gives additionally 
not only several sassolite lines and the unidentified 5.61 A line, but also 
a series of lines clearly due neither to sassolite nor to ammonioborite. 
These observed lines are listed in Table 4 and compared with the ob- 
served d-spacings associated with lines of strong intensity of KB;O0s(OH).4 
-2H2O (KB;Os-4H2O, Clark and Christ, 1959). The matching of these 
two sets of observed d-spacings is preliminary evidence for the appear- 
ance of KB;Q0s(OH)4:2H2O in nature; confirming chemical tests would 
be of interest. 
REFERENCES 
Curist, C. L. (1960), Crystal chemistry and systematic classification of hydrated borate 
minerals: Am. Mineral. 45, 334-340. 
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THE CRYSTAL STRUCTURE OF POTARITE (PpHc) WITH 
SOME COMMENTS ON ALLOPALLADIUM 


K. TERADA AND F. WM. CAGLE, JR. 
University of Utah, Salt Lake City 12, Utah. 


Potarite is a palladium amalgam which occurs in the Potaro river re- 
gion of British Guiana (Palache, Berman, and Frondel 1944). It was 
first described by Harrison and Bourne (1924-5) and more fully char- 
acterized by Spencer (1928). Spencer further surveyed the known syn- 


| thetic palladium amalgams and suggested that potarite might be identi- 


cal with allopalladium. Cissarz (1930) reexamined simultaneously sam- 
ples of potarite and allopalladium and found them to be different sub- 
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stances. He described potarite as an isomorphous ground mass with 
small, irregular, anisotropic inclusions. 

M. A. Peacock (1945) examined a sample of potarite by the x-ray 
powder method and reported that it gave a simple cubic pattern with 
ay=5.21 A with a unit of cell PdyHgy. This gave a calculated density of 
14.48 g./ml. compared with Spencer’s value of 14.88 g./ml. Peacock 
further reported that attempts to directly synthesize the material had 
not been successful. He suggested that the structure might be that at- 
tributed to FeSi with a space group P2)3. 

A powder photograph of a synthetic alloy PdHg obtained by Bittner 
and Nowotny (1952) indicated a face-centered cell @ = 4.284 A, co= 3.692 
A, containing PdyHgs. In our work we have indexed our patterns for the 
smaller body centered tetragonal cell a)= 3.0205; A, co= 3.706, A, cell 
content PdHg. The crystal structure is that of AuCu type Lilo. The 
space group is P 4/mmm. Trial-structure calculations with Hg at 0, 0, 0 
and Pd at 4, 4, 3 are in agreement with the observed line intensities. 


EXPERIMENTAL 


Samples of PdHg which are identical with the mineral potarite may | 


be prepared either by displacement of palladium from Pd(NOs)2 solu- 
tion by mercury or by direct synthesis from powdered palladium and 
mercury in sealed evacuated tubes. The samples used by Bittner and 
Nowotny were prepared by direct synthesis from the elements. The 
compound PdHg can be easily prepared by heating the elements in a 
sealed Pyrex tube for twelve hours at 400° C. Compositions high in 


mercury should be annealed for a considerable time at 100° C. to insure | 


uniformity of product. A mixture of palladium powder and mercury 
in equimolar amounts, which is kept at room temperature, does not 


show formation of potarite at an appreciable rate. In fact, it has long | 


been known that the rate of penetration of palladium by mercury at 
low temperatures is slight (Horsford, 1852). A meta-stable system con- 


taining an alloy higher in mercury than PdHg and unreacted palladium | 
are found by x-ray examination of this system. However, if the system |} 


is heated for 4 hours at 200° C., the x-ray powder pattern is that of 
PdHg. 


A table showing the observed inter-planar spacings for a natural 


sample of potarite and for synthetic PdHg prepared from solution and |}! 
from direct combination of the elements is given. The data given in ||) 


Table I have been corrected for absorption and beam divergence using | 


the method outlined by Azaroff and Buerger (1958). This method has 
been programed for use with the Datatron 205 electronic digital com- 
puter, and so may be rapidly and easily applied. Patterns were ob- 
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TABLE I. MEASURED AND CALCULATED SPACINGS OF PdHg,. 
hkl d(soln) get GNSS d(calculated) 
combination) annealed) 
001 3.707 
100 3.032 3.029 3.033 3.020 
101 2.346 2.343 2.342 2.342 
110 2.143 2.141 2.142 2.136 
Me 1.853 
111 1.847 1.850 1.846 1.850 
102 1.580 
200 1.516 1.509 il ols) 1.510 
112| 1.400 
201/ 1.397 1.399 1.398 1.399 
210 1.354 iL Sisal 
211 Lo PAIS 2 We AAD, 1.269 
003 1.236 
202 i ae 1.170 i, kai i il 
103 1.139 Teast 1.141 1.144 
212 1.092 
113) 1.069 
220/ 1.071 1.072 1.068 
221 OD 1.026 
300 1.007 
301 973; 973; 9732 9716 
203 9565 
310 957, 9565 956; 9552 
004 9267 
DOD) 9266 9269 925, 925; 
311) 9259 
213 9102 .911; .9107 911; 
104 . 8854 
302 884, 
114 850; 
312 850 850» 850 . 849, 
320 8377 
321 8195 818, 8183 817; 
2S) 8074 
204 7894 7896 789s 
303 780s . 7803 7805 


The blank spaces in the table represent ‘‘d’’ distances for faint lines which have been 
observed in pure PdHg patterns exposed under ideal conditions. The last column of inter- 
planar distances were calculated from our d)=3.020; A and co=3.706; A. By the method 
of least squares, ad and cp were recalculated as 3.026A and 3.072A respectively. 


tained using Cuk, radiation A( Kai) = 1.5405 A, NOK = 15445. A 
MK. weighted average) =1.5418 A. 
It is interesting to note that the potarite sample obtained from the 
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TABLE II. TETRAGONAL AND Cusic INDEXING oF PdHg POWDER PHOTOGRAPH 


d(calculated with 


Tetragonal Index d(observed) Pence son Cubic Index 
100 3.03 3.01 111 
101 2.34 DROS 210 
110 2.14 AS} 211 
111 é 
: 1.84 220 
ao 1.85 
200 iL Sil 1.50 222 
201 1.40 1.39 Syl 


U.S. National Museum gave broad diffraction lines and thus was quite 
imperfectly crystalline. This sample was then annealed while still 
sealed in a Lindemann capillary. Upon heating at 100° C. for 6 hours it 
recrystallized and sharp diffraction lines were obtained. It is thus ap- 
parent that the mineral has not been subjected to elevated tempera- 
tures. The sample which Professor Peacock had examined showed nor- 
mal line breadth and so we may assume that different degrees of crystal- 
line perfection exist in naturally occurring potarite. 

It is interesting to compare the indexing assigned by Professor Pea- 
cock with that for the tetragonal cell. This is shown in Table II. We 
have reexamined Professor Peacock’s films and find that lines which can- 
not be explained by his cell may be observed though they are extremely 
weak. This of course, illustrates the intrinsic danger always present in 
the interpretation of a powder pattern containing only a few lines. 


It would seem that the poorly crystalline mineral appears to be iso- | 


tropic on microscopic examination and that small islands of crystalline 
material comprise the “‘inclusions.”” The poorly crystalline nature is in 
accord with an experimental specific gravity of 14.88, rather lower than 
the theoretical calculated «-ray value 15.09. 

Synthetic samples containing less than 15 atomic per cent mercury 
show a solid solution of mercury in the palladium lattice. This is in 


accord with the observation of Berzelius (1813) that it is very difficult | 


to remove the last traces of mercury from palladium amalgam. In the 


mercury rich region, two diffraction patterns have been obtained. These | 


are substances of very low symmetry judged from the complexity of the 
x-ray patterns. 


ALLOPALLADIUM 
Attempts to obtain a sample of allopalladium have been unsuccessful. 


However, no hexagonal phase of the system PdHg has been found in the 
range Pd to PdHg;. Thus we must conclude that the hexagonal mineral 


Se cea re Ds 


DLE NT 


2 2a 5 
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described by Zincken (1829), Cissarz (1930), and Schneiderhéhn and 
Ramdohr (1931) is almost certainly not a simple palladium amalgam. 
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A NOTE ON SO-CALLED “PRESSURE INDEPENDENT” MINERALS 


Cari W. F. T. Pistorrus, National Physical Research Laboratory, 
Council for Scientific and Industrial Research, Pretoria, 
Union of South Africa. 


In a recent note on the stability and synthesis of uvarovite, 3CaO 
-Cr203:3SiO2, Glasser (1959) objected to a statement by Hall (1958) 
which tended to give the impression that uvarovite, like diamond, is 
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stable only at pressures of the order of 20,000 to 35,000 bars. Glasser 
then went on to state: ‘“‘Uvarovite—and several other members of the 
garnet series mentioned by Hall—are ‘pressure independent’ minerals, 
inasmuch as they also have a thermodynamic stability range at 1 atm. 
pressure. Hall was apparently unaware of the work of Hummel,” 
(1950) who succeeded in preparing uvarovite at 1 atm. pressure and be- 
tween 885° and 1400° C. 

It should be pointed out, however, that the term ‘‘pressure inde- 
pendent mineral” is highly misleading in this context, since it implies 
that the stability field of such a mineral is actually independent of pres- 
sure, something which can only be the case when the phase boundary 
delineating the stability field of such a mineral in the P-T plane—in the 
case of uvarovite the phase boundary expressed by 


3CaSiO3 + Cr203 = CasCreSizsOj2 


is a straight line parallel to the pressure axis, i.e. with dP/dT infinite. 
The requirement for this to happen is that AV for the reaction be zero, 
while AS be unequal to zero. This is certainly not true for the above re- 
action, and is, in fact, an extremely rare occurrence for reactions such 
as the one above or ordinary first-order transitions. Actually, the phase 
boundary under discussion may be expected to intersect the T-axis at 
1370°+ 10° C. (4) and to have a positive slope in the P-T plane, since 
the garnet is the denser assemblage. 

As any geologist knows, geological nomenclature abounds with mis- 
nomers, and it would be unfortunate if another is unnecessarily added. 
One certainly is not justified in ascribing the term “‘pressure inde- 
pendent” to a mineral merely because it has a thermodynamic stability 
range at 1 atmosphere. 

It is hoped that these remarks will in no way detract from the main 
point of Glasser’s note, with which the present author is completely in 
agreement. 
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PREPARATION AND USE OF A GELATIN MOUNTING MEDIUM 
FOR REPEATED OIL IMMERSION OF MINERALS 


GoRDON W. Otcort, University of Oregon, Eugene, Oregon.* 


Presently there is very little information in geologic literature about 
an inexpensive, easily prepared, isotropic mounting medium that will 
withstand solvents necessary to wash identifying index oils from micro- 
scope slides, thereby allowing the same mineral grains to be repeatedly 
used until identified. Only two references on the subject were found in 
the geologic literature. These were papers by Herbert (1942), who used 
gum tragacanth and Canada balsam to mount detrital mineral grains 
for demonstration purposes; and by Fairbairn (1943), who refined the 
original use of gelatin coated lantern slides for refractive index immer- 
sion work (Vedeneeva and Melancholin, 1932) by having gelatin coated 
petrographic slides prepared commercially. 

A very satisfactory solution to the problem, both from the stand- 
point of expense and ease of preparation and use, was found in an article 
by Marshall and Jeffries (1945). These agronomists modified Fair- 
bairn’s mount by decreasing the gelatin concentration. This was neces- 
sary to prevent the very small mineral grains of the soil separates, with 
which they were working, from being engulfed and blanketing the opti- 
cal effects produced by changing index oils. Their prime contribution to 
oil immersion technique is publication of the formula of the mount. 
These “home-made”’ slides have proven to be every bit as good as the 
commercial variety, and may easily be made at a fraction of the cost. 


MATERIALS USED 


The required materials are household gelatin, formalin, acetone and 
distilled water. Marshall and Jeffries’ formula, with the exception of 
an increase in gelatin concentration, 1s: 


SolutiongA— Gelatinteer ees oe enter 1% 

Solution B—Distilled water................ 10 cc. 
HN COLON CHEER eu het eo eee 5) eh 
BY f NOMEN. 5 6 sa aD ooo ee DECC 


Marshall and Jeffries used but 0.1%, but the writer found that a con- 
centration of 1% gelatin was preferable for heavy mineral study. 


* Present address: Southern Pacific Company, Land Department, San Francisco 5, 
Cal fornia. 
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PREPARATION OF SOLUTIONS 


Solution A: Mix the gelatin to a 1% concentration. This is one-fourth | 
gram of gelatin dissolved in 50 cc. of distilled water. The concentration 
may be altered to accord with the size of the mineral fragments being | 
identified. 1%, however, appears to be satisfactory for most work. 

Solution B: Mix 10 cc. distilled water, 5 cc. acetone and 2 cc. of 2% | 
formalin. This is the softening solution that allows the grains to embed 
themselves in the gelatin. The containing bottle should be well-corked | 
to prevent evaporation. 

When these solutions show signs of clouding, they should be re- 
placed by fresh preparations. It was found that small bottles, used by 
petrology classes several days a week, remained potent about three 
weeks. 


TECHNIQUE OF MouNTING, USING, AND WASHING SLIDES 


1. Spread a generous amount of Solution A on a clean glass slide. An 
eye dropper works well in applying the liquids. Dry on a hot plate at 
75°-80° C. (167°-176° F.). Remove the slide. Besides being better able 
to control the spreading-on of the grains during the following steps, re- 
moval will keep the hot plate clean. 

2. Apply two or more drops of Solution B on the dry gelatin and 
spread lightly. This is easily done with a paper clip. When this evaporates 
sufficiently so that the gelatin is tacky, sprinkle on the grains. Some 
semi-soluble minerals may be mounted by allowing the gelatin to be- 
come very tacky before applying the grains. Again dry the slide on the 
hot plate. Remove, cool, apply a suitable refractive index oil and cap 
with a cover glass. The slide is now ready for petrographic examination. 
The entire procedure requires about five minutes. 

3. Use acetone or carbon tetrachloride to wash oils from the slides. 
Xylene has too slow an evaporation rate to be used. It is convenient to 
hold the slide in an inclined position in a small beaker and pour the 
solvent over it by means of a wash bottle. 


PERFORMANCE 


That the mount has good holding qualities is demonstrated by the | 
fact that only four grains were detached when an experimental slide, 
containing approximately 500 grains, was successively subjected to a 
wide range of index oils in current use and then washed with both ace- 
tone and carbon tetrachloride. This mount, however, is generally un- 
satisfactory for permanent slides. Very careful handling and storage is re- 
quired, for the grains will rub off if sufficient pressure is exerted. 

The main use for this mount is in the rapid identification of mineral 


| 
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fragments. Where great effort and time was formerly consumed in get- 
ting a platy mineral particle to stand edge-wise by means of broken pieces 
of cover glass—only to have the index oil float the particle away—the 
mineral may now be crushed and sprinkled over the tacky mount. A 
quick examination of the slide will usually reveal the orientation desired. 

The gelatin is neutral to all the immersion oils in current use. How- 
ever, the mount cannot be used with crystals easily soluble in water or 
with an immersion media having water as a component. The thin coat- 
ing allows a ready determination of the Becke line and oblique illumina- 
tion tests. The mount may be used to good advantage with the universal 
stage. 
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DEHYDRATION STUDIES BY INFRARED SPECTROSCOPY 


J. M. Serratosa, Instituto de Edafologia, C.S.1.C., Madrid, Spain.' 


While studying the orientation of OH bond axes in layer silicates 
(Serratosa & Bradley, 1958) by their absorption in the O-H stretching 
frequency range (~3700 cm.~!) some concern was felt because no flexion 
frequency was certainly correlated with the stretching feature which 
was utilized. The proper allocation of a band to this expected mode is 
now arrived at by following the course of dehydration of a montmoril- 
lonite from Tidinit, Morocco, and a nontronite from Utah, each previ- 


_ ously characterized by «-ray diffraction. 


Samples of each were dispersed, and <1 wu fractions were permitted 
to evaporate on plastic slides. Dried films were then peeled off for ex- 
amination. 


1 Experimental work conducted while on leave at the Ilinois State Geological Survey, 


_ Urbana, linois. 
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Fic. 1. Infrared spectra of Tidinit montmorillonites: (A) Air dried. (B) Dried at 200° C 
and for two incidence angles. The bands from the Nujol have not been included. 


Figures 1 and 2 present the absorption spectra of the samples, air 
dried, and after drying at 200° C. The heated films were covered with) 
Nujol to minimize rehydration from the atmosphere. In each case heat-} 
ing dispelled the water absorption bands at 3400, 3240 and 1640 cm.“ |) 
but the structural OH stretching frequency between 3600 and 3700}) 
cm.~' persisted and was not markedly influenced by change of the 
angle of incidence of radiation to the clay film (characteristic of diocta-4 
hedral composition). 

The greatest lower-frequency difference between the two minerals 
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Itc. 2. Infrared spectra of nontronite: (A) Air dried. (B) Dried at 200° C. and for twe 
incidence angles. The bands from the Nujol have not been included. 
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Fic. 3. Infrared spectra of Tidinit montmorillonite heated at increasing temperatures. 


was an absorption feature appearing at 915 cm.~! for the Tidinit mont- 
morillonite, but at 820 cm.~! for the nontronite. 

In Figs. 3 and 4 are superposed absorption records following heating 
at successively increasing temperatures. The 915 cm.~! at 820 cm.~} 
bands decrease in intensity at rates concomitant with those of the 
Stretching frequency in each case, even though practical dehydration 
of the montmorillonite requires heating to nearly 600° C., but that of 
the nontronite only to about 425° C. 

Although any lowering of the frequency of the stretching vibration 
_by heavier octahedral ion neighbors was within the limits of precision 
of the frequency measurements in the previous study, the effect of 
heavier octahedral neighbors on the OH flexion frequency is pronounced. 

In these layer structures dioctahedral compositions provide each 
structural OH with two octahedral ion neighbors, and in the case of 
the nontronite, it is even possible to speculate that the doubtful fea- 
ture at about 860 cm.~!, which loses intensity less rapidly than the 820 
-cm.~! feature, represents hydroxyls which have one Fe and one Al or Mg 


neighbor. 
This same allocation of bands at 910 and 938 cm.*! in kaolinite and at 
820 cm.—! in nontronite to H-O - - - Al** and H-O - - - Fet* respectively 


has now been authenticated by Stubican and Roy (1960) on the basis 
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lic. 4. Infrared spectra of nontronite heated at increasing temperatures. 


of comparisons of spectra for these minerals with those of their deuter- 
ated synthetic analogues. 
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X-RAY DIFFRACTION TECHNIQUE FOR SMALL SAMPLES 


RonaLD K. Sorem, Depariment of Geology, Washington Stale 
University, Pullman, Washington. 


In work with the x-ray powder camera, little difficulty is found in 
preparing suitable powder mounts from samples weighing several milli- 
grams, but when samples of a much smaller size are used, suitable 
mounts are not easy to prepare using ordinary techniques. Consider, 
for example, a few particles perhaps less than 10 microns in size scratched 
from a mineral grain. A sample of this kind may be required if a pure} 
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monomineralic sample is sought. These particles are commonly adequate 
for producing a good diffraction film, but addition of a mounting medium 
like gum tragacanth or shellac to so small a sample may result in amor- 
phous scattering which will all but obliterate the mineral pattern. Another 
problem that may arise is partial loss of the already extremely small 
sample during mixture with the mounting medium. Capillary tubes are 
far too large for the samples in question. Although special x-ray cameras 
may provide means of eliminating these problems, ordinary equipment 
will yield good results when special mounting techniques are used and 
certain minor adjustments are made. The methods require no special 
training and cost no more than ordinary methods. 

An ideal way to obtain the powdered sample is to scratch the mineral 
grain to be sampled, whether in hand specimen or in a polished or thin 
section, with a sharp diamond point. Either a standard diamond “‘pencil”’ 
or a mounted phonograph stylus can be used. The former is cheaper 

(about $2.50) and works well, provided that the point is not badly 
chipped by rough usage, as in writing on glass slides. The stylus, when 
mounted in a pin vise, is more convenient, however, where sampling is 
to be done while observing the specimen with a microscope. The point 
is small and the staff on which it is held can (in some models) be bent so 
that little clearance is needed above the specimen (Fig. 1). The chief dis- 
advantage other than cost (about $5.00) is that the stylus point is well 
machined and smooth, and it must be chipped or bevelled in some way 

before it will bite the sample surface properly. This bevelling can be 
done by carefully touching the point to a fine grinding wheel, such as 
the kind used on hand-held power grinding tools. 

_ The sample mount used is a very thin wedge-like gelatin fiber. Three 
features make gelatin ideal for this purpose. First, a very fine point can 

_ be obtained; second, the gelatin is self-adhesive when wet, hence no 

» cement or shellac is needed to bind the sample to it; and third, the gela- 

‘tin itself produces no amorphous scattering or at worst a very minor 

amount. Fibers are prepared in advance in the manner shown in Fig. 2, 

and a supply is kept on hand. The procedure, briefly, is to soften an 

} ordinary gelatin drug capsule by humidification (a closed plastic box 

containing a wet cotton wad works well), slice off the closed end with a 

razor blade, and then slit one side of the resulting cylinder. When 

)straightened, the cylinder provides a thin gelatin plate about 1X2 cm. 

‘in size. This plate is fastened to a microscope slide with tape and slit in 

| the short dimension by close-spaced razor cuts to yield the fibers. Fibers 

/cut in this orientation show but little tendency to curl when later sub- 

) jected to changes in relative humidity. The fibers are removed and stored, 

| after air-drying for several hours, in a small closed vial. 
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| ¢m FIGURE 2. Method of cutting gelatin capsule. 
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When a fiber is selected for sample mounting, it should be examined 
with the binocular microscope. One that has a marked curvature should 
be rejected, for it may change shape if the relative humidity changes 
during the «-ray exposure, thus throwing the sample off center. Thaé 
fiber to be used should have a sharp, narrow point; this may require addi4f] 
tional trimming with a razor blade. This is a tedious job, but with prac+}) 
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tice the selection and preparation of a fiber takes only a few minutes. 

The powdered sample, once obtained, is best left on the surface of the 
mineral grain temporarily. The next step is to affix the powder—all of it 
if possible—to the fiber. A vial of water (1 or 2 cc.) containing one or two 
drops of glycerine to retard evaporation should be at hand. With a 
clean sharpened toothpick, a drop of water about 1 mm. in diameter is 
placed on the specimen 1 or 2 mm. from the powder. Next, a gelatin 
fiber, the thick end mounted in a suitable holder (like the brass speci- 
men holder of the x-ray camera) (Fig. 3) is carefully brought close to 
the drop (best done while viewing with binocular microscope). In rapid 
succession, the sharp tip of the fiber is touched to the periphery of the 
drop and then is touched to the mineral powder and rotated. The sample 
adheres to the fiber, and in a few seconds the mount is dry and ready for 
use. Care must be taken that the fiber is not left in contact with the 
water more than a fraction of a second, for an excess of water will cause 
the gelatin to expand unduly and the sharp point will be lost. The fiber 
is now transferred to the «-ray camera and centered and exposed like 
an ordinary sample. Only the extreme tip of the fiber, with sample in- 
tact, should be centered in the field of view of the collimator. 

Several comments should be made regarding the x-ray procedure. 
North American Philips (Norelco) equipment was used in my work, 
but other brands could no doubt be used as well. A small camera is 
desirable, because exposure times for very small samples are commonly 
double those for larger ones, or even longer. In fact, some minute sam- 
ples may not produce usable patterns in larger cameras regardless of 
exposure time because of poor contrast between diffraction lines and 
background fogging. The restriction to small cameras is of no disad- 
vantage, generally, unless it is desired to explore the region below about 
10° (20). Conventional small Debye-Scherrer cameras (57.3 mm. di- 
ameter) made by Norelco allow the recording of lines only as low as 
about 9°25’ (26), and only above 12°-14° are intensities recorded ac- 
curately (Fig. 4). Several means of improving the range exist, however, 
and it is possible to extend the lower limit to values sufficiently small 
for most mineral work without great expense or inconvenience. 

The general problem of recording reflections in the low @ region has 
been discussed in some detail by Parrish and Cisney (1948) and more 
recently by Martin Vivaldi, Girela Vilchez, and MacEwan (1959). Par- 
rish and Cisney describe a special Norelco tube system (collimator and 
exit tube) which improves quality of the lines to the very edge of the 
standard 9 mm. film hole. A disadvantage of this system is that reflec- 
tions at angles greater than 90° (20) are not recorded. Martin Vivaldi, 
et al., describe two means of increasing the low 6 range through the use 
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of (a) “an extension tube for the beam catcher,” or (b) an “auxiliary 
beam catcher’’ which fits inside the camera. These parts, which permit 
the recording of lines with spacings as great as 29 A (small camera, Cu 
radiation), may also be obtained from the Philips Company, according 
to the authors. 

Figure 5 shows a modified camera setup similar in concept to the ex- |i 
tension tube method of Martin Vivaldi, e¢ al. The modification was 
used in the Geology Department, University of Wisconsin, in 1957 and | 
1958, and involves the use of only one accessory, a spacer cut from rub- | 
ber tubing. The spacer is made to permit the withdrawal of the exit tube 
to the point at which a film exit hole 6.4 mm. in diameter may be used 
(Fig. 5). Features of this modification are (a) that the exit tube still fits | 
snugly in the camera and alignment is not disturbed, (b) that the | 
spacer is removable instantly if not wanted, (c) that the hole required is 
the diameter of an ordinary paper punch, and (d) that the lower limit 
of the reflections recorded is reduced to about 63° (20). Corresponding 
maximum d values are 17.4 A with Fe radiation and 13.9 A with Cu 
radiation. 

The combination of gelatin fiber mounts and a camera modification 
of the kind described permit the «-ray study of particularly small powder 
samples using essentially standard cameras. Furthermore, the regular 
use of the modified powder camera provides a constant check on the 
low @ region for all mineral samples that are commonly run in small 
cameras and at the same time produces films of particularly good quality. 
The savings in time and film by extending the use of the small camera 
are self-evident. It cannot be claimed, of course, that the larger camera. 
is thus supplanted for most powder work, for large films still permit 
greater accuracy in measurements; but for routine work, modified small | 
cameras should be useful to many investigators. 


ACKNOWLEDGMENTS 


Thanks are due to Prof. S. W. Bailey, in whose laboratory the work! 
was done which led to this paper and who called to my attention the! 
publications cited. Prof. E. N. Cameron headed the project during! 
which the x-ray work was done. Both of these men kindly read the first! 
draft of this paper and made helpful suggestions. 


REFERENCES 


Martin VIVALDI, J. L., GrRELA ViLcHEz, F., anD MacEwan, D. M. C., (1959), Modifica 
tions to standard Philips powder cameras for clay mineral work. Clay Minerals Bulletin 
4, 110-112. 

ParrisH, W., AND Cisney, E. (1948), An improved «-ray diffraction camera. Philips Tech 
nical Review, 10, 157-167. 


NOTES AND NEWS 1109 


THE AMERICAN MINERALOGIST, VOL. 45, SEPTEMBER-OCTOBER, 1960 


A NATURAL OCCURRENCE OF NICKEL HYDROXIDE 


K. L. Witttams, Mineragraphic Investigations, Commonwealth 
Scientific and Industrial Research Organization, 
University of Melbourne, Parkville, Victoria. 


During the examination of zaratite-bearing specimens from the Lord 
Brassey mine at Heazlewood, Tasmania (Williams, 1958), a minute 
amount of a pale greenish blue mineral was observed occurring in a 
finely banded intergrowth with zaratite on a shear plane in a specimen 
of serpentinite. This mineral was at first believed to be fine-grained 
zaratite or hellyerite (which occurs elsewhere in the same specimen), 
but microscopic and x-ray examinations proved it to consist of pure 
nickel hydroxide, a compound which does not appear to have been 
found previously in nature. 

A complete examination of the mineral could not be made because 
of the paucity of material; the largest observed area of nickel hydroxide 
measured 3X2X0.7 mm., and this contained inclusions of zaratite. 

The mineral has a dull, earthy lustre and, by contrast with the glassy 
zaratite, it appears cloudy and rather opaque. It is soft, with an esti- 
mated scratch hardness of approximately 2, and it has a white streak. 

Microscopically it was found to be transparent but very fine grained, 
with the aggregates varying from isotropic to weakly anisotropic. The 
fine grainsize prevented the determination of complete optical data, but 
the apparent refractive index was found, by immersion methods, to 
vary between 1.64 and 1.69; the best values were close to 1.68. 

An x-ray powder diffraction photograph was found to match closely 
a diffraction photograph of synthetic (chemical reagent) nickel hy- 
droxide, the only significant differences being that some of the lines in 
the pattern of the synthetic material were relatively diffuse (Table 1). 
This effect may be due to small crystallite size or poor crystallinity, or 
both. 

Both diffraction patterns match that listed for nickel hydroxide in 
the American Society for Testing Materials’ Index of a-ray Diffraction 
Data. They are both much sharper than the pattern of ‘‘anodic nickel 
hydroxide”’ figured by Klug and Alexander (1954, p. 385) and they show 
no evidence of a two-dimensional lattice. 

The refractive index of the synthetic material was found to be shghtly 
higher than that of the natural nickel hydroxide; it varied from 1.68 to 
1.71, with the best values around 1.69. This difference may also stem 
from differences in grainsize or degree of crystallinity. 
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Taste 1. NicKeEL HyproxipE Ni(OH)2-X-Ray PowDER PATTERN 


1 2 3 
d (A) Test. d (A) Tee d (A) I/To 
4.63 10 4.67b 10 4.60b 0.67 
3.67 0.2 
DP TAL 6 DU 6 2.70 1.00 
2.34 10 2.34b 8 2.33b 0.67 
1h Sl 8 1.75b 2, ibs) 0.07 
1562) 4 1.56b 4 1.56 0.53 
1.480 3 1.48b 3 1.48 0.33 
Soy? 0.2 
1 338 3 1.354 1 1.348 0.07 
1.299 2, 1.300 2 e295 0.07 
1.167 Ss) iL atzA 1 
1.097 0.5 1.09b 0.5 
1.061 Qe2 1.06b On 
1.017 ORS 1.018 0.5 
0.999 1 0.999 1 
0.937 ne) 0.936b 2 
0.929 0.5 
0.903 0.7 0.904b 1 
0.886 0.5 0.887b 
0.853 1 
0.796b OZ 


—} 


1. Natural nickel hydroxide, Lord Brassey mine, Heazlewood, Tasmania, CuKay radia 4 
tion, \=1.5404 A 
2. Synthetic nickel hydroxide, supplied to the Chemistry Department of the University) 
of Melbourne by Hopkin and Williams Ltd. 
CuKa; radiation, \= 1.5404 A | 
3. Nickel hydroxide pattern from the A.S.T.M. Index of X-Ray Diffraction 
MoKa radiation, \=0.708 A 


The author recognizes that, in the absence of further chemical and 
physical data, this constitutes a most inadequate description of a new 
mineral, and accordingly suggests that naming of the mineral be dej}, 
ferred until such time as quantities sufficient for a complete ree } 
be obtained, either from Heazlewood or from other localities. On tha | 
other hand, the x-ray data already obtained leave no doubt as to the . 
identity of the Heazlewood mineral, and its occurrence thus seem) 
worthy of record. | 
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DEHYDRATION AND REHYDRATION OF FERRIMOLYBDITE 
FROM LOWTHER, NEW SOUTH WALES 


H. G. Gotpinec, P. Bayiiss AND N. TRUEMAN, 
The University of New South Wales. 


Powder diffraction data has been obtained for ferrimolybdite collected 
during 1959 from the surface of old prospecting shafts near Lowther, 90 
miles west of Sydney, New South Wales. At this locality joint fissures in 
a porphyritic marginal phase of the Bathurst granite batholith are oc- 
cupied by hydrothermal quartz veins containing small disseminated 
aggregates of intimately associated molybdenite, pyrite and chalcopyrite 
which have partly weathered to ferrimolybdite and goethite. 

In addition to films of dull yellow ferrimolybdite coating fracture sur- 
faces in the quartz, the Lowther specimens show radiating groups of 
sheaf-like units (Fig. 1) of bright yellow colour and silky lustre. Each 
unit, from 1 to 2 mm. long and about 0.2 mm. wide is itself a bundle of 
closely packed sub-parallel fibrous crystals. The sheaf-like units are 
partly embedded in goethite and project into the cells of goethite box- 
works or into cavities in the quartz formerly occupied by sulphides. 

Single fibres, from 1 to 2 mm. long and about 2 microns wide, are 
transparent, with refractive indices approximately 1.75 across and 1.8+ 
along the length and show strong lengthwise light absorption, straight 
extinction and high birefringence. 

The soft and friable character (H=1), colour change from yellow 
through gray to orange on heating strongly and a chemical analysis on 


Fic. 1. Ferrimolybdite from Lowther, New South Wales. X25. 
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0.5 gm. of goethite-contaminated material served to further verify the 
mineral as ferrimolybdite (Palache, Berman and Frondel, 1951). 
In view of the reported ease with which ferrimolybdite loses water in 
a warm dry climate (Simpson, 1951) and because the samples although 
collected during a wet season had been subsequently stored for periods 
up to several months under variable conditions of summer humidity 
and temperature, reaching 40° C., «-ray determinations have been made 
on deliberately humidified and dehydrated as well as on untreated 
powder obtained from the bright yellow well-crystallized material after 
detaching adherent goethite under the binocular. The samples so ob- 
tained were slightly contaminated with quartz, molybdenite and 
goethite. 
X-ray data (Table 1) was obtained by using the powder method, sam- |} 
ple 1a by means of the geiger diffractometer and the rest photographi- 
cally. Single crystal data was not obtained because of the small size and 
fragility of the fibrous crystals. 
The sample treatment was as follows: 
1a: Untreated. 
1b: Untreated, water-mounted rod. 
1c: Untreated, glycerol-mounted rod. 
1d: Humidified over water for 100 hours, water-mounted rod. 
le: Desiccated over H2SO; for 50 hours, humidified over water for 100 hours, water- 
mounted rod. 
2a: Heated at 50° C. for 1 hour, desiccated over silica gel for 50 hours, glycerol mounted 
rod. 
3a: Desiccated over H2SO, for 50 hours, glycerol-mounted rod. 
3b: Dessicated over H2SO,; for 50 hours, heated at 50° C. for 100 hours, glycerol- || 
mounted rod. 


4a: Heated at 100° C. for 1 hour, glycerol-mounted rod. | 
4b: Heated at 250° C. for 1 hour, glycerol-mounted rod. 


Where no significant differences in diffraction patterns are perceptible 
the data are combined. | 
The «x-ray data indicate that the bright yellow, well-crystallized ferri-| 
molybdate was fully hydrated as collected and suffered no perceptible ||) 
change during storage under normal conditions of summer temperature} 
and humidity. This ferrimolybdite gives characteristic lines of strongest | 
intensity at 9.9 and 8.4 A. 
Progressive dehydration, however, results in significant variations} 
in these low angle reflections indicating the progressive collapse of the} 
crystal structure accompanying loss of water or hydroxyl groups. The} 
data and the line clarity of the photographs suggest that this collapse} i | 
takes place in definite stages. 
The changes observed correspond broadly to the progressive weightl . 
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TABLE 1. X-RAy DrFrRACTION Data FOR FERRIMOLYBDITE 
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Samples 1a to le Sample 2a Samples 3a, 3b Samples 4a, 4b 
dA i dA I dA i dA I 
9.87 100 
8.40 55 8.40 50 
7.70 2 7.70 50 7.70 100 
6.73 20 6.73 5 6.73 20 
5.91 1 5.91 20 5.91 20 5.91 20 
5.83 1 5.83 20 5.83 20 5.88 20 
5.16 4 

5.06 100 5.06 50 5.06 50 
4.90 2 
3.90 40 3.90 20 
OEo0) 5) 
3.20 4 3.20 4 3.20 2 
3.08 20 3.08 60 3.08 60 3.08 100 
Dori 5 2.87 5 Oot 5 
2.80 1 
2.70 2 2.70 2 2.70 D, 2.70 2 
2.59 Is 2.09 2, 2.09 2 DESO 2 
DS 2 DSS 2 BS) a 235) 2 
2.50 1 
Ph Mi 1 PBA] 1 Dei 1 
1.95 1 1.95 1 1.95 1 
ks) 2 Ns fits) 1 1.78 2 ib 7k 2 
Ls} 1 i183 1 17 1 78 1 
1.70 1 
1.63 4 1.63 1 1.63 1.63 2 
1.61 2 1.61 1 
Oe 2 1 2 iL SW 2 il, SY 4 


loss and to the progressive colour variation accompanying the progres- 
sive dehydration of ferrimolybdite from Western Australia as recorded 


by Simpson (1951). 


After partial dehydration as for sample 3a, it is found that humidifica- 
tion will restore the sample to the fully hydrated condition as shown 


by sample le. 
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THE PREPARATION AND USE OF POLISHED THIN SECTIONS 


G. C. AMSTUTZ, 
Missouri School of Mines and Metallurgy, Rolla, Missouri. 


The literature on the preparation of polished thin sections known to 
the present author describes only complicated procedures. This may be 
the main reason why polished thin sections are not widely used, although 
they can provide the geologist with many detailed criteria for ore genesis, 
many of which are not available from separate thin and polished sec- 
tions. These criteria may, in turn, act as guides in exploration. The 
present paper describes a simpler and faster method for preparing pol- 
ished thin sections of rocks and ores. 

The preparation of the polished thin sections from which the photo- 
graphs of Figs. 1 to 3 were taken, is simple. It requires only 25 to 35 
minutes per section. First a thin section is prepared in the conventional 
way with Lakeside plastic cement and ground to almost normal thick- 
ness with any conventional powder. Quartz may still show yellowish to 
orange interference colors. The slide is then washed carefully and dried, 
in order to remove the grinding powder. The next and last step is the 
polishing on a lead, a lead-bismuth, a silk, or a Trojer (linden-wood) lap 
with abrasives of 1 or 0.5 micron size. The rotation speed should be 
rather slow (30-60 rpm.). The slide is placed with only about 50-100 g. || 
pressure on the lap and held there for 5-20 minutes, depending on the |) 
nature of the ore and country rock. Frequent checking under the micro- 
scope will help to determine the point at which the surface is polished to 
a satisfactory degree. The powder and the oil is then removed and the 
section labeled. No further mounting is needed. The polished thin sec- 
tion is of course not covered. 

The usefulness of a combined observation with transmitted and re- 
flected light does not have to be pointed out. A combination of thin and 
polished sections is most needed when alteration is present, or when the 
exact metallurgical properties of ores are sought. 

The frequent association of hydrothermal, deuteric, or supergene | 
alterations with ore minerals is a well known fact. A divergence in geo- | 


logical opinion often takes place, when the discussion centers on the |} 


time and the origin of such alterations. Polished thin sections are a re- | 
fined tool for the determination of the type and nature of these mineral | 
changes. Limonite haloes can be readily recognized (Figs. 1 and 2). True | 
replacements can be distinguished from apparent replacements; congru- | 
ent and non-congruent features can be differentiated (1), and syngenetic |} 
and epigenetic criteria may be observed in more detail (2) 


lb 


3b 


Fires. 1-3. Pairs of photomicrographs taken of polished thin sections, with transmitted 
light on left and reflected light on right, all under oil immersion. Enlargement 175. All 
three samples from small copper deposits in Carlos Francisco porphyry near Casapalca, 
Peru. (Geological details, given in (1).) 

Fics. 1, 2. Two examples of pseudomorphically replaced mafic phenocrysts (biotite) 
are shown. The sulphides also occur as disseminated specks in the matrix of this volcanic 
rock. During deuteric alteration the early phenocrysts became unstable and were replaced 
largely by sulphides which now show lamellar orientation in the direction of the original 
Si,O;-lattice sheets. These pseudomorphs are surrounded by a halo of limonite. Note the 
size difference of the reflected and the opaque areas. The haloes are broad in the elongation 
of the silicate sheets, but almost absent adjacent to the cleavage plane of biotite. This might 
indicate the “permeability” of the lattice for the replacement migrations. The sulphides 
consist of chalcopyrite and bornite, and in Fig. 1 possibly also of some idaite. 

Tic. 3, An irregular mass of chalcopyrite in the matrix of the andesite irregularly 
surrounds a feld-spar phenocryst. Geometrically this is a transition between a true dis- 
semination and an irregular tiny veinlet. Note that all opaque material under transmitted 
light is not necessarily sulphide mineral. About 25-35% of the visible opaques consist of 
limonite. This is very fine grained and intermixed with some non-opaques, and therefore, 
did not take on any polish. 
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In summary, polished thin sections afford a small but valuable en- 
hancement of the quality and objectivity of observation and help to re- 
duce the quantity of interpretation in ore genesis. These improvements 
will be welcome when it is recognized that a complete theory needs to 
be built on a careful combination of geochemical and geometric (fabric, 
structural) evidence. 

Polished thin sections also provide more complete information for 
ore dressing microscopy, where metallurgical properties of minerals are 
sought. Coatings, alterations (clay, sericite, etc.), intergrowths or lock- 
ing types and locking sizes can be seen in more detail and in less time. 

Typical examples are discussed in detail by the present author (3). 
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VARIATIONS IN INTERFERENCE FIGURES IN SINGLE 
CRYSTALS OF ZONED SMOKY QUARTZ 
L. F. DELLWic AND W. E. Hitt, Jr. 

The Umiversity of Kansas, Lawrence, Kansas. 
INTRODUCTION 


Much attention has been directed to the problem of coloration of 
smoky quartz and to the related problem of zonation of smoky and color- 
less quartz in a single crystal. Phillips (1908) recognized a relationship 
between irradiation and coloration in quartz crystals, noting that color- 
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ing and banding developed with exposure of a quartz crystal to radium. 
He also recognized the significance of impurities in coloration through 
irradiation, for working with fused boric acid he was unable to effect 
coloration whereas in impure borax coloration resulted after a few weeks 
of exposure to radium. 

Lind and Bardwell (1923) proposed that the displacement of electrons 
from their normal position through irradiation was responsible for 
coloration in quartz and fluorite. Frondel (1945) also favored displaced 
electrons as a cause for coloration, but at the same time recognized a 
sensitizing factor (an impurity included during growth) in zoned crystals 
as evidenced by the differential response of the clear and smoky bands to 
radioactive emanations. Frondel and Hurlbut (1955) and Cohen and 
Sumner (1958) attributed coloration to the replacement of a silicon ion 
by an aluminum ion in the quartz structure. In colorless areas the alumi- 
num content was, in some cases, as great as in smoky areas but in color- 
less areas it was interstitial rather than replacement. Other structural 
deviations have been suggested. 

Possible explanations for the coloration thus include: (1) inclusion of 
impurities in either ionic or molecular form, (2) effect of radioactive 
emanations, (3) structural deviations, and (4) a combination of several 
of the mentioned factors. 

Petrographic examination of zoned quartz crystals from the Wet 
Mountain Thorium Belt indicates that alternation of colorless and 
smoky bands is related to a structural change. 


DESCRIPTION OF CRYSTALS 


All of the crystals examined were taken from radioactive veins of 
the Wet Mountain Thorium Belt in Custer and Fremont Counties, 
Colorado. This belt includes veins 100 to 5000 feet in length and 10 to 
50 feet in width cropping out in a northwest-southeast trending area 10 
miles in width and 25 miles in length. Typical minerals of the veins are 
quartz, barite, and carbonates with minor fluorite, sulfides, iron oxides 
and thorogummite. 

The quartz crystals are euhedral to subhedral with crystal faces gen- 
erally coated with hematite and sometimes thorogummite. Almost all 
crystals show some zoning of smoky and colorless quartz (Fig. 1) whether 
the crystals be only a fraction of an inch or 8 to 10 inches in diameter. 
Zones may be sharply separated or may show a gradational change from 
colorless to smoky quartz. Color bands generally continue around the 
crystal but may be abruptly terminated with a sharp break between 
colorless and smoky quartz. Color bands parallel the crystal faces and 
there can be little doubt but that they are also growth bands. 
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Fic. 1. Thin sections of zoned quartz crystals. Sections cut normal to ¢ axis. X1.4. 


VARIATIONS IN INTERFERENCE FIGURES 


A peculiarity common to the majority of the crystals examined is the 
variation in interference figures in a single crystal between colorless and 
smoky zones, all sections being cut approximately normal to the ¢ axis. 
Colorless zones produce either a uniaxial positive figure or a biaxial posi- 
tive figure with a small (less than several degrees) 2V. Smoky zones in 
the same crystal, with few exceptions, produce larger 2Vs (up to about 
74°-8°) than do colorless zones. In several crystals no perceptible dif- 
ference in 2V could be noted with a biaxial figure appearing in each. 
This might be attributed to strain. In no crystal does a uniaxial figure 
appear throughout nor does the 2V ever appear larger in the colorless 
zone. Smoky zones are pleochroic from brown to green in all specimens. 


SUPPLEMENTAL DATA 


Some crystals have zones sufficiently broad to permit separation of 
colorless and smoky material for analysis. X-ray powder analyses were 
made of adjoining zones of colorless and smoky quartz but no structural 
difference was perceptable. 

The abundance of small inclusions throughout the crystals makes 
highly improbable the detection of an impurity which might be consid- 
ered to be the cause of the coloration in the smoky material. Semiquanti- 
tative spectrographic analyses were run on five pairs of samples (color- 
less and smoky). Calcium, iron, aluminum, magnesium, copper, and 
vanadium were found in all samples in trace amounts. Both black 
and white samples of each pair contained approximately equal amounts 
of calcium, iron and copper, although small differences in concentration 
were noted between sample pairs. In general magnesium, vanadium and 
aluminum were found in slightly larger amounts in the smoky samples. 
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Aluminum is the impurity suggested by Cohen and Sumner (1958) as 
responsible for the smoky color. 

Loss on ignitions run on three pairs of samples showed the loss of 
weight between 550 and 600° C. to be greater in colorless quartz than 
in smoky quartz in two pairs (dark loss 0.08%, colorless loss 0.13%; 
dark loss 0.03%, light loss 0.05%), thus reducing the possibility of car- 
bon as the coloring agent for the smoky quartz. 


CONCLUSIONS 


Cyclic inclusion of one or more impurities (probably in ionic form) 
during growth of the crystal is indirectly responsible for the coloration 
of smoky quartz. That coloration is directly the result of exposure to 
radioactive material has been demonstrated on numerous occasions. Re- 
cent work indicates that the smoky color develops in quartz in which the 
impurity is substitutional rather than interstitial. It can thus be con- 
cluded that the orderly variation in velocity in smoky quartz in sections 
normal to the ¢ crystallographic axis (biaxial figure resulting) must be 
due to a structural change resulting from an orderly substitution of one 
element for another according to a fixed pattern. 
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CALCIOSTRONTIANITE FROM PULASKI AND 
ROCKINGHAM COUNTIES, VIRGINIA 


R. V. Dretricu, Virginia Polytechnic Institute, Blacksburg, Virginia. 


Strontianite with approximately eight per cent CaO, hereinafter re- 
ferred to as calciostrontianite, has recently been found to occur in cal- 
cite-lined vugs at two Virginia localities other than the one mentioned 
by Pharr and Mitchell (1959). These are: 1) at the Salem Rock Corp. 
Quarry on the west side of Virginia Route 100, ca. 315 miles (by road) 
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south of Dublin, Pulaski County and 2) beneath the Maude Liskey Prop- 
erty about 0.4 mile southeast of U. S. Route 11, ca. 2.7 miles northeast 
of the center of Harrisonburg, Rockingham County. 

The Rockingham County calciostrontianite was found in a drill core. 
It occurs as white to cream-colored, radial groups of spear-shaped crys- 
tals in calcite-lined vugs in limestone of the Athens formation of Middle 
Ordovician age. Its identity as calciostrontianite is based chiefly on its 
x-ray diffraction pattern. 

The Pulaski County calciostrontianite occurs as nearly colorless, white 
and buff, radial and sheaf-like groups of spear-shaped crystals (Fig. 1) 
in vugs and on joint surfaces in dolomite of the Elbrook formation of 
Middle and/or Late Cambrian age. Most of the formation is highly 
laminated at the locality. Nearly all of the vugs are lined with colorless | 
to white calcite crystals, typically scalenohedra terminated by rhombo- 


Fic. 1, Calciostrontianite in a calcite-lined vug from Pulaski County, Virginia. The | 
largest radial group is approximately 3.0 mm. in greatest dimension. Most individual radial 
groups thus far found at the locality are less than 3.5 mm. in greatest"dimensions, a few | 


range up to 6 mm.; some radial groups comprise composite masses up to 12 mm. in greatest 
dimension, 
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hedra. A few of the calcite crystals are citrine to amber in color. In some 
vugs groups of calcite crystals are arranged so as to form ridges ar- 
ranged radially away from a central mass of silica. Such central silica 
typically consists of granular, loose to partly aggregated, colorless to 
white quartz around a light gray to milky white, solid, chalcedonic silica 
core. Typically the size of the core varies directly with the size of the 
containing vug. Contrariwise, there appears to be no such size relation- 
ship between core size and thickness of surrounding granular quartz. 
Rather, the thickness of the granular quartz appears to be nearly con- 
stant (about 10 mm.) in all vugs. In fact, some central masses of granu- 
lar quartz with greatest dimensions of less than about 20 mm. have 
no massive chalcedonic cores. Apparently exceptional is one specimen 
with a large (greatest dimension of ca. 90 mm.) core which has a direct 
junction with the surrounding dolomite. The granular quartz consists of 
angular, irregular-shaped grains and crystals (!!?!), nearly all of which 
pass .062 mm. mesh screen and many of which pass .044 mm. mesh 
screen. A mass of light blue celestite was found spatially associated with 
the calciostrontianite in one vug. Also, it is perhaps of at least passing 
interest that numerous, nearly colorless tabular celestite crystals that 
range up to eight millimeters in longest dimension were found to occur 
in three, calciostrontianite-free, calcite-lined vugs (—within dolomite 
which is more massive than typical, 7.e., it is essentially nonlaminated). 
No granular quartz or chalcedony occurred in these three vugs. 
Relationships observed suggest that the vugs occupy space which was 
occupied by some material other than dolomite, perhaps silica, at the 
time of the original sedimentation. The paragenetic sequence of the min- 
erals in the vugs, if listed from oldest to youngest on the basis of posi- 
tion with respect to the vug walls, would be calcite, light blue celestite, 
calciostrontianite, and silica. (As mentioned, the nearly colorless celestite 
appears to be postcalcite but no interrelationships have been observed 
between it and the other vug minerals.) However, it appears that this 
apparent sequence possibly needs to be modified at least so far as the 
silica is concerned. It seems likely that the silica was not introduced into 
the vugs after the other minerals but, instead, that it may be residual 
and derived from silica that previously filled the present vug space. 
If such silica was a gel and/or calcareous-rich or something similar the 
lack of enough silica to fill the vugs completely at present might reflect 
such things as loss of water, loss and/or redistribution of calcareous 
and/or other material(s) or removal of part of such material(s) during 
passage of the solutions which, if ever existent, may have been responsi- 
ble for deposition of the carbonates and/or sulfates. In any case, the 
granular quartz and massive chalcedony may represent diverse modifi- 
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cations of a common parent. Observable interrelationships between vug 
boundaries and adjacent surrounding dolomite laminae appear to sup- 
port removal or partial removal of the pre-existing filling material(s) 
after consolidation of the sediment, 7.e., deposition of the original filling 
material(s) was at the sediment-water interface. Otherwise, this aspect 
remains unsolved. 

The following data, except where noted otherwise, were derived from 
investigation of the Pulaski County calciostrontianite. 


1. X-Ray: Powder data are presented for calciostrontianite with 8.1 per cent CaO 
(Table 1). These data are presented despite the fact that they are, to a large extent, 
repetition of those of Pharr and Mitchell (op. cit.) because of the difference in methods used 
in their and V.P.1.’s laboratories.* The spacings for the calciostrontianite, e.g., 4.34, 3.51, 
3.41, 2.54, 2.43, and 2.04, when compared to equivalent reflections of essentially calcium- 
free strontianite (see Swanson, Fuyat, and Urginic)—4.37, 3.54, 3.45, 2.55, 2.45, and 2.05, | 
respectively—appear to reflect the substitution of smaller radius calcium for some of the 
larger radius strontium. The Rockingham County material gave d values and relative 
intensities nearly identical to those given on Table 1 except that the 4.17d reflection was 
not apparent. 


TaBle I. X-RAy POWDER DATA FOR CALCIOSTRONTIANITE FROM 
Puvaskt County, VIRGINIA 


d (A) I d(A) I 
4.34 Ww 1.885 m 
4.17 vVVW 1.81 m 
Saal vvs 1.80 mw 
3.41 vs iL HS vvw 
2.98 Ww 1.705 VVW 
2.815 Ww 1.66 vw 
Deo vw 1.60 mw 
2.54 s LL Go) mw 
2.46 m flieoS) vw 
2.43 vs 1.49 VVW 
IR DAS) vw 1.47 VVw 
2.165 m 1.44 Vw 
2.075 vw 1.41 VVWw 
2.04 S 1.30 vw 
1.96 m Wal mw 
1 1 


935 mw (75 degrees 26, end of scan) 


* The «-ray setup used by the writer is a General Electric XRD-5 diffractometer with | 
a No. 2SPG geiger counter type spectrogoniometer. CuKa radiation with a Ni filter was 
used. A scanning speed of 2 degrees 26/min. was used for the complete scan; the lowest 


20 reflection (d=4.34) and the three strong reflections with d values of 3.51, 3.41, and |) ] 


2.04 were checked at a scanning speed of 1 degree 20/5 mins. 
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2. Optical: 
Indices of refraction—a—1.522 
B—1.663 (calc.) 
y—1.064 
Biaxial (—) 
2V=8° 
Slight dispersion with r<v. 
3. Chemical: 
CaO=8.1 per cent* (equivalent to ca. 14.5 per cent CaCOs). 


4. Thermal: An exemplary differential thermal analysis curve for pure calciostrontianite 
is presented (Iig. 2). The heating curve is marked by two sharp endothermic reactions 
and the cooling curve has two exothermic reactions. The lower temperature endothermic 
reaction has been found to occur at ca. 860° C. in all runs; the higher temperature endo- 
thermic reaction has been found to peak at 925° C. in all runs except one in which the tem- 
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| Fic. 2. Tracing of thermal (D.T.A.) curve of calciostrontianite from Pulaski County, 
Virginia. Curve between room temperature and 500° C. was essentially straight. 


ENDOTHERMIC 


perature was 915° C. In all cooling runs, both exothermic reversals occurred at lower 
temperatures than the complementary endothermic reactions of the heating runs. The 
higher temperature exothermic reversal occurred at ca. 875° C. in all runs except one in 
which the temperature was 840° C.; the lower temperature exothermic reversal occurred 
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* Analyst—Dr. J. W. Murray, Department of Chemistry, Virginia Polytechnic Insti- 
tute; analyses by Beckman flame photometer with Aminco photomultiplier photometer. 
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at 790° C. to 795° C. in all runs. The relative peak areas (defined as suggested by Webb 
and Heystek, p. 352) were remarkably similar in all runs with that of the lower endo- 
thermic reaction about 7.5 times that of the higher, that of the higher exothermic reversal 
about 2 times that of the lower temperature one, etc. In all runs, the conductivity of the — 
material existent between the two endothermic peaks appears to be notably different from 
the conductivities of the phases existent originally and after the second reaction. 

On the basis of the purity of the samples used and the reversibility of both endothermic | 
reactions, as shown by the cooling curve, the writer believes that both reactions reflect | 
inversions—probably from orthorhombic to hexagonal and thence to isometric forms of 
calciostrontianite. This suggestion is made with complete awareness of the fact that both | 
Cuthbert and Rowland (1947) and Gruver (1950) suggested similar curves for strontianite 
to reflect only the orthorhombic to hexagonal inversion (one peak) and some reaction 
involving impurities (other peak). Apparently neither of these reported investigations in- 
cluded the running of cooling curves. The cooling curves plus determination that the 
material existent at the end of each run is identical to the original material appear to sup- 
port best the suggested two-inversions interpretation. Permissively corroborative is the 
fact that differential thermal analyses of structurally similar witherite manifest two such 
inversions (see, for example, Cuthbert and Rowland; Gruver; and Webb and Heystek— 
all op. cit.). 

5. Miscellaneous: 

Density—3.67 +0.02 
Fluorescence—white to yellowish (long wave) 
white (short wave). 


The writer gratefully acknowledges that W. D. Lowry of the De- 
partment of Geological Sciences of Virginia Polytechnic Institute sup- 
plied the core from the Rockingham County locality, and that R. S. 
Mitchell of the Department of Geology of the University of Virginia 
made available unpublished x-ray data for calciostrontianite from Wise |) 
County, Virginia. 
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THE OCCURRENCE OF ORTHOPYROXENE WITH LOW OPTIC AXIAL ANGLE 


J. F. Lewis 
Victoria University of Wellington, Wellington, New Zealand. 


Orthopyroxene with 2Vx as low as 35° has been found in the dacitic 
rocks ef the Tauhara volcano, which is situated in the active volcanic 
belt of the North Island, New Zealand. The volcano consists of several 
cumulo-domes, one of which has been breached exposing the core. The 
core rocks are highly oxidized while those on the margin of the dome 
are not oxidized, but have a similar composition. There is no other 
alteration of the rocks. It is in the oxidized rocks that the orthopyroxene 
with very low 2V x occurs. 

Investigation into the literature showed that no orthopyroxene with 
2Vx less than 45° has been recorded. Kuno (1954) considers that the 2Vx 
of orthopyroxenes in volcanic rocks is not less than 50°. However, 
orthopyroxenes in hypabyssal and plutonic rocks possess a lower 2Vx 
at the same Fe: Mg ratio (Poldervaart, 1950; Hess, 1952; Kuno, 1954). 
These authors consider this to be due to the lower AlzO3 and CaO con- 
tent of hypabyssal and plutonic orthopyroxenes. 

2Vx of orthopyroxene crystals in the marginal unoxidized rocks of 
the dome ranges from 72°-54°, av. 67° (y=1.697 —1.720). In oxidized 
rocks from the core of the dome 2Vx ranges from 70°-35° (y= 1.700- 
1.736). The average 2V varies with the degree of oxidation of the rocks, 
but is generally about 60°, considerably lower than in the corresponding 
unoxidized rocks. Crystals with optic axial angle below 45° always have a 
rim of opacite, are discrete, or occur as inclusions in plagioclase. Only 
one or two crystals in a thin section possess the very low 2V. The varia- 
tion in optical properties of the orthopyroxene in the unoxidized rocks 
indicates a wide range in composition for this mineral. However, varia- 
tion in composition alone is probably not the primary cause of the low 
2V of the orthopyroxene in the oxidized rocks. 

Confirmation that the mineral is an orthorhombic pyroxene was made 
by taking Weissenberg and rotation photographs of the zero and first 
layer lines about the c axis of a crystal of the pyroxene in question. These 
were compared with those taken about the ¢ axis of a crystal of common 
orthopyroxene from an unoxidized rock.* The unit cell dimensions and 
optical properties of these two crystals are given together with a com- 


* Single crystal determinations made by Mr. P. P. Williams, Dominion Laboratory, 
Wellington. 
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parative set of values from Kuno (1954) for orthopyroxene with compo- 
sition Feso. 

Optic orientation: a= Y, b=X, c=Z. 


Abnormal orthopyroxene 
(Oxidized rock) 


Orthopyroxene, Feo 
(Kuno, 1954) 


Common orthopyroxene 
(Unoxidized rock) 


a=18.320A a=18.340 A a=18.360 A 

b= 8.850 A b= 8.945 A b= 8.925A 

c= 5.14A c= 5.16A c= 5.230A 
Nx= 1.685** Nx= 1.720 Nx= 1.710 
Ny= 1.693 Ny= 1.733 Ny= 
Nz= 1.697 Nz= 1.734 Nz= Zs 
WVx= 71° 2Vx= 36° ON SD? 


Pleochroism distinct: 


X=pale reddish brown X=pale pinkish brown 


Y=pale straw yellow 
Z=pale green 
Absorption: X > Y=Z 


Y=pale pinkish yellow 
Z=smoky green 
Absorption: Z=X>Y 


The photographs obtained were identical except for the larger unit 
cell dimensions of the abnormal orthopyroxene. The unit cell dimen- 
sions given are not absolute, but the relative values between the two 
crystals are accurate. It is not assumed that the two crystals measured 
have the same Fe: Mg composition ratio. 

Because of practical difficulties in obtaining a pure sample, the ab- 
normal pyroxene has not been chemically analyzed, but it is probable 
that the unusual optical properties of the mineral are due to oxidation 
and heating rather than to extreme primary composition. 
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BIREFRINGENCE OF SYNTHETIC GARNETS 

A. B. CHASE AND R. A. LEFEVER, Hughes 

Research Laboratories, Malibu, California. 
Single crystals of the synthetic garnets RsGas;Oy and R3Al;Oy (where 
R is Y, Yb, or Tm) were grown from lead oxide-lead fluoride melts, 


** RT. = +0.003. 
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using compositions and procedures approximating those suggested by 
Nielsen for gallium garnets (1). The melts were heated to 1250° C. in 
covered 50-cc. platinum crucibles, soaked for 12 to 24 hours, and cooled 
at a uniform rate of 4.2° C./hr. to 1000° C. The majority of the R3GasO.2 
crystals were subhedral to euhedral and approximately 0.2-1 cm. in size, 
with faces parallel to dodecahedral {110} and trapezohedral {211} 
crystal planes. The trapezohedron was the dominant form, with dodeca- 
hedral modification occurring only in the very early and late growth 
stages. The crystals usually contained an array of inclusions and voids 
oriented parallel to the growth surfaces. The inclusions contained normal 
components of the melt and varied from sub-micron to about 1 mm. in 
size. The voids were approximately the same in size and all degrees of 
filling by the flux components were observed. The refractive index of the 
gallium garnets was approximately 1.95 (measured with white light and 
standard index oils.) 

The RsAl;Oy2 crystals were euhedral to subhedral and approximately 
1—3 mm. in size. The dominant form was dodecahedral, with trapezohedral 
modification occurring near the end of the crystal growth. Inclusions and 
voids similar to those encountered in the gallium garnets were also 
present in these crystals. The refractive index of the aluminum garnets 
was approximately 1.85. 

Under the microscope, sections of the garnets exhibited marked bire- 
fringence. Two types of structures were observed under crossed nicols: 
a birefringent halo around large inclusions and a well defined banding or 
zoning resembling twinning in the plagioclase feldspars. The bire- 
fringence varied from near zero to approximately 0.002. All of the crys- 
tals examined exhibited banding birefringence but the birefringent halo 
associated with the larger inclusions was rarely encountered. The bire- 
fringence was best observed in polished sections of 1-2 mm. thickness. 

The birefringent halos associated with large inclusions extended out- 
ward for a distance of about one tenth of the diameter of the inclusion. 
The extinction was undulatory and pivoted about any sharp angles 
formed by the surfaces bounding the inclusion. The birefringence had a 
maximum value of about one quarter of that associated with banding and 
decreased in the vicinity of voids. This birefringence decreased sharply 
on annealing the sections for 24 hours at 1200° C., suggesting that it was 
caused by strain developed in the crystal during cooling, probably as a 
result of differences in the coefficients of expansion of the garnet and the 
included materials (2). 

The banding normally exhibited the greatest birefringence in the 
peripheral zones of the crystals. The bands were parallel to the crystal 
faces and not to a single set of equivalent crystallographic planes. The 
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bands varied in thickness from 0.01 to 1 mm. and did not possess observ- 
able boundaries. However, a becke line could be seen between bands in) 


the regions of greatest difference in birefringence. The bands exhibited|} 


an undulatory extinction that varied plus or minus six degrees to the: 
direction of the bands. The birefringence of individual bands decreased 
in the vicinity of voids. Sections prepared parallel to a growth face and 
at the periphery of the crystal appeared isotropic, except around in-. 
clusions. These sections showed off-centered biaxial optic axis figuress 
with 2V varying from 5 to 20 degrees. The banding birefringence also; 
decreased on annealing the samples at 1200° C. 


The sections were more strongly birefringent in areas where edges andi) 


corners were formed by crystal faces during growth than in regions along 
the faces. When this condition was well developed, the crystal appeare 
to have rays of birefringence extending from the center to the corners and 


edges. When both the general banding and the rays were well developed, 


changes in crystal morphology that occurred during growth could bs 


observed. 

X-ray back reflection photographs provided information concerning 
the source of the birefringence in the banded areas. Birefringence i: 
natural garnets is generally attributed to twinning (3). However, ne 
evidence of twinning was observed in the synthetic garnets. In all crystals 


examined, the Laue spots exhibited a weak asterism oriented perpendicu4| 
Li 
A 


lar to the line formed by the intersection of the nearest crystal face wit 
the surface of the section. The asterism was greatest when the crystal face 
nearest to the area examined was perpendicular to the surface of thd 
section. The asterism is interpreted as resulting from strain. The fact 
that the birefringent banding is oriented with respect to the asterism in4 
dicates that the birefringence is also due to strain, rather than twinning 
Preliminary work with natural garnets indicates that birefringence it 
these crystals may also be primarily the result of strain. The straiz 
probably results from variations in such properties as composition] 
purity and perfection of the crystals which, in turn, reflect variations it] 
growth conditions. 

We wish to express our appreciation to Dr. John Reed for assistanc¢ 
with the x-ray work and Mrs. Juanita W. Torpy for assistance with thd 
crystal growth and sample processing. | 
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INTERNATIONAL MINERALOGICAL ASSOCIATION 


The papers in the two symposia given at the Ziirich meeting of the I.M.A. (Am. Mineral. 
44, 460, 1319) have now been published in magnificent quarto form of 106 pages with nu- 
merous illustrations by the Instituto Lucas Mallada (Paseo de la Castellana 84, Madrid) 
as Fasc. VII, May 1960. Copies are available for residents of North America by sending 
$1.50. to D. J. Fisher, Rosenwald Hall, University of Chicago, Chicago 37, Illinois before 
January 1961. Others may order from Madrid, from where later orders will also be handled. 
The table of contents of this Fasciculo is as follows: 
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SMeclalmelerence LOMMCCUneNnCesmmithelW) ono, taunt ite eerie ste enero 63 
M. A. Kaschkai, On the Alpine-type veins of the Caucasus..................... 77 
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ERRATUM 


In the May-June, 1960 issue of the AMERICAN MINERALOGIST, page 615, the equation 
27n0+3S=2ZnO+S0Osz should read 2ZnO+3S=2ZnS+SO. 


NEW MINERAL NAMES 


Chudobaite 


H. Srrunz. Chudobait, ein neues Mineral von Tsumeb. Newes Jahrb. Mineral., Monatsh. || 
1960, No. 1, 1-7. 


This was listed as Mineral R in a preliminary note (Am. Mineral., 44, 1323 (1959)) 
Analysis by W. Schneider gave K,O 2.0, Na2O 5.0, CaO 1.0, MgO 12.0, ZnO 11.5, CuO 0.2, |) 
MnO 2.0, Co none, As.O; 49.7, H:O* 17.0, sum 100.4%. This corresponds to (Na, K, Ca) 
(Mg, Zn, Mn)». H (AsO;)2:4H20. Water is lost at 140°. 

The mineral occurs at the 1,000 m. level of the Tsumeb Mine, SW Africa, in the “second |} 
oxidation zone,” and is associated with conichalcite, cuproadamite, and zincian olivenite. 
Crystals up to 0.5 cm. in size show the forms a{100}, {010}, c{001} dominant, also m{110}, 
n\120}, L{180}, d{101}, and y{184}, and perhaps {186}. An angle table is given. Triclinic, 
a:b:c=0.6830:1:0.5827, a 115° 10’, 895° 54’, y 94° 06’. Cleavage (010) very good, (100) 
good. Hardness 23-3, G 2.94 measured, 3.0 caled. Color pink, like kunzite. Optically biaxial, 
negative, ms (Na) a 1.583, B~1.608, y 1.633, 2V 79°. Extinction angle y’:C on (010) —24°, 
on (100) 110°. Not fluorescent in U V light. 

Rotation photographs gave: triclinic, PI, a 7.69, b 11.37, c 6.59 A, a:b:c («-ray) 
=0.676:1:0.580. Unindexed «-ray powder data are given (99 lines); the strongest lines are 
10.163 (10), 2.979 (9), 3.440 (8), 3.273 (8), 2.730 (7), 3.859 (5), 3.746 (5), 2.831 (5), 2.637 
(©) p24) testi). 

The name is for Karl F. Chudoba, German mineralogist. Pronounced koo-dé-baite. 

MicHakEL FLEISCHER 


Oregonite 


PauL RAMDOHR AND MARGARET SCHMITT. Oregonit, ein neues Nickel-Eisenarsenid mit 
metallartigen Eigenschaften. Newes Jahrb. Mineral., Monatsh 1959, No. 11-12, 239-247. 


The mineral occurs as water-rolled pebbles in Josephine Creek, Oregon; the pebbles | 
have a smooth brown crust. Under the microscope, the mineral is metallic white with high | 
reflectivity, about 65% , in both air and oil. Anisotropism is weak, but visible in air along |) 
grain boundaries. Hardness about 5. Associated minerals are an unidentified mineral (‘‘min- 
eral y”’), and small amounts of native copper, bornite, chalcopyrite, molybdenite, chromite, 
and perhaps niccolite. The gangue (about 40% by volume) consists of penninite and ser- | 
pentine. 

X-ray fluorescence analysis (data not given) corresponds to NijoFegAsg or NigFeAss; 
the data indicate that the compound has intermetallic properties. A little Co is present, and 
traces of Cu. Attempts to synthesize the mineral melts in evacuated silica tubes failed. 

From «-ray powder data and a Guinier photograph, oregonite is hexagonal, ay 6.083 
+0.003, co 7.130+0.005 A., c/a 1.1732, Z=3 (NixFeAs:), G. calcd. 6.92. An indexed «-ray 
pattern is given; the strongest lines are 2.314 (vs), 2.1195 (vs), 1.991 (s), 1.7885(s), 
1.757 (s), 1.739 (s). There is some similarity to the pattern of heazlewoodite, but the latter 
is rhombohedral. 

The name is for the state of Oregon. 


Io. H. RoosEBOOM 
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Matraite (ZnS-3R) 


S. Kocu. The associated occurrence of three ZnS modifications in Gyéngyésoroszi. Acta 
mineralog. petrog. Univ. Szegediensis, 11, 11-22 (1958). 


KALMAN Sasvari. ZnS mineral with ZnS-3R crystal structure. [bid., pp. 23-27. 


The deposit contains wurtzite 2H, galena, chalcopyrite, and pyrite, and brownish- 
yellow pyramidal crystal aggregates which are oriented intergrowths of sphalerite (ZnS-3C) 
with ZnS-3R (called 6’-ZnS). Analysis by Mrs. Eve Klivenyi of the aggregates gave 
Zn 61.70, Fe 5.10, S 33.22, sum 100.02%. Spectroscopic analysis showed Pb significant 
traces, Cd traces, Sn weak traces. The ZnS-3R is transparent; some crystals show pro- 
nounced anisotropy. The sphalerite present shows polysynthetic spinel-type twins, the 
aggregates are commonly scepter-shaped. The ZnS-3R has a,=3.8, c,=9.4 A. 

The name is for the locality, the Matra Mountains. 

Discussion.—This is the first natural occurrence of a modification first prepared by 
Buck and Strock, Am. Mineral., 40, 192—(1955), who showed it to be a new polymorph of 
ZnS, not merely a member of the multi-layered stacking series of wurtzites. They named it 
y=Zn5S, which is to be preferred to the 6’-ZnS of the present authors. 

BRIAN SKINNER 


Hydrosodalite 


V. I. Gerasmovsku, A. I. PoryAKoy, anp L. P. Vorontna. Hydrosodalite, a rock- 
forming mineral of nepheline syenites of the Lovozero Massif. Doklady Akad. Nauk 
S.S.S.R., 131, no. 2, 402-405 (1960) (in Russian). 


K. A. Viasov, M. V. Kuz’menko, anp E. M. Es’Kova. The Lovozero alkaline massif. 
Akad. Nauk S.S.S.R., Inst. mineralog., geokhim., 7 kirstallokhim. redkikh elementov, 1959, 
272-274. (in Russian) 


The first intrusive phase of the Lovozero Massif, Kola Peninsula, consists of poikilitic 
syenites occurring as xenoliths in the later intrusives. An abundant constituent is an iso- 
metric mineral, formerly thought to be sodalite or analcime, commonly replaced by zeolites. 
Analyses by L. P. Voronina and V. A. Moleva gave, respectively, SiO: 32.71, 41.05; Al,O; 
26.12, 28.36; Fe.O3; 0.64, —; MnO—, 0.05; MgO—, 0.18; CaO 1.48, 0.60; NaxO 26.67, 
19.02; K,O 0.14, 1.46; Cl 2.10, 0.16; S 1.12, 1.38; H,O* 4.93 (total H,O), 5.40; H.O-—, 
1.25; insol. 6.48, —; sum 101.75, 99.55; (O=Cle, S) (not given in originals) = 1.03, 0.73 
=100.72,98.82%. These correspond, respectively to the formulas NaioAlg(O,OH)25(Oj.33Clo.67, 
and 2NaAISiO.-H.O. Soluble in HCI. Dark inclusions of a sulfide (pyrrhotite?) were ob- 
served and may account for the S (but the hackmanite variety of sodalite is common in 
the area—M.F.). The first formula is near that of sodalite, with Cl replaced by OH. 

The mineral is gray to dark gray, hardness 5-6, G. about 2.3. Isotropic, m 1.487-1.490. 
X-ray powder data are given; they agree closely with those of sodalite. The strongest lines 
are 3.69(10), 3.25 (8), 3.44 (7), 2.63 (6). 

The mineral may be of primary origin in these rocks or may be formed by autometaso- 
matic processes. It is also formed as a secondary mineral after nepheline in other rocks. 

Discusston.—The name hydrosodalite was used previously by Wyart and Michel-Levy, 
Compt. rend., 229, 131-133 (1949) for a synthetic mineral containing OH and CO; in place 
of Cl. Probably to be regarded as a variety of sodalite. 

M. F. 
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Manganosteenstrupine 


K. A. Viasov, M. V. Kuz’MENKO, AND E. M. Es’Kova, The Lovozero alkaline massif, A kad. 
nauk S.S.S.R. 1959, 421-422. 
Analysis by M. E. Kazakova gave SiO» 21.36, P20; 0.65, AlsO3 0.91, TiO» 1.49, ZrO» 1.08, 
Fe,0; 1.99, MgO 0.70, MnO 17.98, ThO, 11.28, UO. 0.20, PbO 0.10, CexO3 9.79, La2Os 
10.27, YO; 0.13, CaO 4.66, NasO 0.48, K2O 0.24, H,O* 12.86, H,O~ 3.58, sum 99.75%, 


corresponding to (Ce, La, Th, Ca) (Mn) (SiO;) (OH)2/2H2O. Spectrographic analysis also _ 
shows Sr, Ba, and Be. X-ray spectrographic analysis of the rare earths gave La 41.1, Ce | 
32.8, Pr 8.6, Nd 16.3, Sm 0.77, Gd 0.14, Dy 0.24%. A D.T.A. curve showed endothermal | 


breaks at 90-200° and an exothermal effect at 850°. 

The mineral occurs in aggregates up to 10 cm. in diameter. Color black, opaque, 
brownish-red in fine fragments. Luster resinous. Streak dark brown. Brittle, fracture con- 
choidal. Optically isotropic, 7 >1.80. G. 3.288. H. 53-6. Amorphous. 

The mineral occurs in pegmatites on the north-east slope of Mt. Karnasurt in hack- 
manite syenites, associated with microcline, natrolite, hackmanite, aegirine, schizolite, and 
nenadkevichite. It is altered to various hydrous rare earth silicates, including hydrocerite. 


M. F. 
Hydrocerite 


K. A. Viasov, M. V. Kuz’MENKo, AND E. M. Es’kova. The Lovozero alkaline massif. 
Akad. Nauk. S.S.S.R., 1959, 427-429 (in Russian). 


Analysis by M. E. Kazakova gave SiO» 22.30, P:O; 5.76, BeO 0.30, AlLO; 3.66, TiQz 
3.33, ZrO: 0.49, Nb.O; 2.00, FeO; 6.15, MgO 0.14, CaO 2.83, CesO3; 4.83, LazO; 12.33, 
ThO, 15.14, H.O* 5.65, H2O~ 14.14, total 99.95%, corresponding to (La, Ce, Th, Ca) 
(Al, Fe, Ti, Nb) (Si, P)20;-5H.O. Spectrographic analysis also showed Zn, As, Mn, Pb, 
and Cu. 

Color yellow to honey-yellow, luster vitreous. Isotropic with m 1.580. Brittle. Amor- 
phous to x-rays; after being heated gives a powder pattern close to that of cerite. Strongest 
lines 303110); 2°91 (10); 1°87 (8) 2:20 (5), 2:16 (GS) 5 OTS) ye Se(S) 1335S) ulead on oye 
123550) 


The mineral occurs as pseudomorphs after manganosteenstrupine in natrolite-albite 


pegmatitic veins of Mt. Karnasurt, associated with neptunite in hackmanite-bearing | 


pokilitic syenites. 
Discussion. The composition is very close to that of karnasurtite. 
M. E: 


Chukhrovite 


L. P. Ermitova, V. A. Moreva, AND R. F. Kievrsova. Chukhrovite, a new mineral from | 
Central Kazakhstan. Zapiski Vses. Mineralog. Obshchestva, 89, no. 1, 15-25 (1960) 


(in Russian) 


Analyses by V.A.M. of samples from depths of 50 m. and 2 m., respectively, gave | 


Al,O; 10.56, 10.70; (Y, Ce)202 18.00, 18.12; MgO 0.40, 0.44; (Na, K)20 trace, —; ThOs 
trace, —; SO; 10.38, 10.30; F 28.32, 27.88; H,O~ 12.00, 12.20; H,O+ 10.80, 11.00; insol. 


trace, trace, sum 111.98, 111.64, —(O=F») 11.89, 11.71=100.09, 99.93%. Sp. gr. 2.353, | 


2.40. These correspond to the formulas Cas,o3Ah.62(Y, Ce)o,9s(SOx)1.00(Fi1 46H 49) -9.55H20 
and Cas. o7Alhi.oa(Y, Ce)1,02(SO4)1.00(F 1.370 H0.55) -9.72H20, which may be CagAls(Y, Ce): 
(SO4)2F23-20H20, or more probably CasAb(Y, Ce) (SOx) Fi; 10H20. Spectrographic analysis 
also showed Pb, Fe, Si (very weak), Mo, Mn, Cu, Ag, Ti, Sr (traces). 
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The proportions of the rare earths were determined by the x-ray spectrographic method 
by R. L. Barinskii who obtained (total rare earth oxides 18.00%) LasQ3 5, CesO; 15, 
Pr.O3 4, NdsO3 12, SmsO; UD Eu,O; 0.2, GdsO; O9); Tb.O3 0.9, Dy20; 4.1, Hos03 0.8, 
Er,O3 lathe Tu20; O28, Yb20; 12, Lu.Q; Os YO; 2, YO; (by diff.) 40.9%. 

The D.T.A. curve shows a sharp endothermal break at 280°, ascribed to loss of water of 
crystallization, a smaller one at 780°, and an exothermal break at 480°. The loss of weight 
curve shows 26.7% loss at 280°, the loss above the water content is ascribed to loss of HF. 
Above 280° there is a continuous gradual loss in weight (SiF4?) up to 55.6% at 1000°. 
Material heated to 550° is isotropic, m 1.540, and gives sharp x-ray pattern, not correspond- 
ing to any known compound. Before the blowpipe, swells and fuses easily to a creamy-white 
enamel. Readily dissolved by dilute HCl and H2SOs. 

The mineral occurs in crystals ranging from less than 0.5 mm. to 1 cm. in size, showing 
a (100) and o (111). Colorless and transparent, or white porcelain-like, sometimes with a 
lilac tint. The white material contains many liquid inclusions. Luster vitreous when trans- 
parent, weakly pearly when white, greasy on fracture surfaces. Cleavage octahedral, 
indistinct; fracture irregular. Brittle. Hardness about 3. G 2.274—2.398, av. 2.353. n (Na) 
1.440-1.42; the mineral is anomalously birefringent. 

X-ray study (by R.F.K.) shows the mineral to be cubic, a 16.80+0.005 A. Indexed 
powder data are given (37 lines); the strongest lines are 2.193 (10), 1.834 (10), 3.261 (9), 
2.572 (9), 2.843 (8), 1.684 (8), 1.512 (8), 1.460 (8), 1.417 (8), 1.279 (8), 4.256 (7), 2.664 (7), 
1.616 (7). 

The mineral occurs in the secondary oxidation zone of the Kara~-Oba molybdenum- 
tungsten deposit, Central Kazakhstan, associated with gearksutite, creedite, halloysite, 
supergene fluorite, anglesite, and hydrous Fe oxides. Oxidation of sulfides such as pyrite 
have dissolved primary fluorite of the deposit which contains up to 3% rare earths. 

The mineral is named for the Russian mineralogist, F. Kh. Chukhrov, who has pub- 
lished many papers on minerals of the zone of oxidation. It is probably the same as the 
unnamed mineral from Greenland described by Béggild, Z. Krist, 51, 608 (1913), Medd. on 
Grénland, 149, no. 3, 97 (1953) without any analysis. 

Presumably to be classed with creedite. 

M. F, 


Karnasurtite (Kozhanovite) 


M. V. Kuz’MENKO AND S. I. KozHanov. The new mineral karnasurtite. Trudy inst. mineral., 
geokhim. i kristallokhim. redkikh elementov, 2, 95-98 (1959) (in Russian). 


K. A. Viasov, M. V. Kuz’menxo anp E. M. Es’Kova. The Lovozero alkaline massif. 
Akad. Nauk S.S.S.R., 1959, 423-425 (in Russian). 


The mineral occurs as individual grains up to 1 cm. in diameter or as accumulations of 
platy crystals up to 10X6X2 cm. One good cleavage. Color honey-yellow when fresh to 
pale yellow when altered. Streak yellowish. Luster greasy. Hardness 2, brittle. G. 2.89-2.95. 
In section pale yellow, no pleochroism. Optically uniaxial, negative, ms, O 1.617, E 1.595. 
Sometimes anomalously slightly biaxial. Extinction parallel. 

The four analyses given lead to the formula (La, Ce, Th) (Ti, Nb) (Al, Fe) (Si, P):O7 
(OH),-3H2O. Spectrographic analysis showed also Zn (strong lines), As, Cu, and Ga 
(very weak lines). A dehydration curve showed that half the water is lost up to 150°, the 
rest gradually to 650°. 

Hexagonal (?). The mineral is amorphous to «-rays; after being heated at 900°, it gives 
a pattern close to that of huttonite. The strongest lines are 3.10 (7), 2.88 (7), 3.29 (6), 
3.49 (5), 1.723 (5). 
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The mineral occurs in a zoned pegmatitic stock in the intermediate replacement zone 
consisting mainly of microcline. It is associated with schizolite, natrolite, and epididymite, 


and is replaced by polylithionite. 


Analyses of Karnasurtite 


1 2 3 4 
SiO» DORSS 20.47 30.27 24.91 | 
P20; Seals 3.29 D AD) 6.81 | 
BeO 0.35 — — = 
Al.O; 6.40 7.46 8.43 40) 
FeO; SHO) 1.10 Os) 1.07 
MgO 0.45 0.91 3.41 0.60 
TiOz 10.73 12.14 6.65 12.33 
ZrOz none == — 1.20 
Nb:2O; 6.25 8.20 5.00 2.20 
ThO» 5.40 6.22 2.82 6.04 
CeO; 6.55 17.58 Sel 8.11 
Lay,O3 9.82 — 10.63 8.55 
CaO DDS, 1.66 ibs) Be20) 
BaO = 0.68 — — 
Naz,O 0.50 0.91 0.97 — 
K:O ey 0.76 1.05 —- 
H20+ fl PP 8.68 7.29 
H.07- 17.90 10.84 10.67 12.29 
= 0.91 — — 
EF ee RE aK aie See pute ey 
99.53 100.35 98.63 100.12 
—0.38 
—(O=f») = SSS 
99.97» 
G. 2.89 — 


® Given as 99.43; » given as 99.47; both in the second reference. Analyses 1, 3, and 4 | 
by M. E. Kazakova, 2 by K. P. Sokova, 1-3 from Karnasurt Mt., 4 from Punkaruaiv Mt. 


The name is for the locality. It had previously been called kozhanovite without a de- 
scription (see Am. Mineral., 42, 119-120 (1957). | 
Discussion.—Presumably related to huttonite, cheralite, and monazite. 


Sakharovite 


IvaN Kostov. Bismuth jamesonite or sakharovite—a new mineral species. Trudy Mineralog. 
Muzeya Akad. Nauk. S.S.S.R., 10, 148-149 (1959) (in Russian). 


A mineral called bismuth jamesonite was described by M. S. Sakharova in 1955 
(Am. Mineral., 41, p. 814 (1956)), with formula Pb(Sb, Bi)oSy, Sb: Bi=1:1. No new data 
are given; Kostov considers the mineral to be a new species and suggests the name 
sakharovite. 


M. F. 
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NEW DATA 
Erikite 
K. A. Viasov, M. V. Kuz’menKxo anp E. M. Es’kova. The Lovozero alkaline massif. 
Akad. Nauk. S.S.S.R. 1959, 425-427. 


Material called erikite had been described from Mt. Punkaruaiv by Gerasimoyskii in 
1937 (Mineral. Abs., 8, 222 (1942)). Anew analysis by M. E. Kazakova for erikite from 
Mr. Karnasurt gave SiO» 10.82, POs 20.06, BeO 0.50, TiO, 0.25, ZrO, 0.43, FeO; 
1.80, AlLOz 0.66, MnO 0.50, MgO 0.20, ThO, 1.15, Ce,O; 21.06, LazO; 29.24, CaO 1.90, 
BaO 0.76, SrO 0.60, NazO 1.36, K20 0.38, H,0* 4.70, H2O~ 2.72, sum 99.09%, correspond- 
ing to (La, Ce, Ca, etc) [(P, Si)O.]-H.O. 

Discussion.—The type erikite from Greenland has been discredited (Am. Mineral. 44, 
1329 (1959)); should the name be transferred to the Kola material? In any case, further 
optical and «-ray study is needed. Perhaps related to rhebdophane? 


Oryzite or Orizite 


G. Cocco AND C. GARAVELLI. Alti soc. Toscana Sci. nat., Mem. 65, 262-283 (1958) (Pub. 
1959). 


Oryzite (Grattarola, 1899; Dana’s System, 6th Ed., 576) has been supposed to be heuland- 
ite; the old analyses are similar to those of heulandite. X-ray powder data (28 lines) are 
given; they are considered to be different from those of heulandite. The strongest lines 
(2 samples) are 8.92 (100, 100); 3.21 (36, 42); 3.45 (30); 3.44 (27); 1.778 (20); 1.777 (12); 
3.88 (17); 3.87 (16); 2.92 (16, 12); 4.92 (16, 12); 6.92 (10); 6.93 (14). 

Further study will be made. 


DISCREDITED MINERALS 
Gearksite (=Gearksutite) 
I. F. Gricor’Ev AND E. I. Dotomanova. Gearksite. Trudy Mineralog. Muzeya Akad. 

Nauk S.S.S.R., 10, 185-186 (1959) (in Russian). 

Three new analyses of gearksite, described by G. and D. in 1951 (Am. Mineral., 41, 
371 (1956), show that the original analysis was in error and that gearksite is gearksutite. 
It is in fine fibrous aggregates with birefringence not above 0.009; mean m 1.458. 

M. F. 
Plinthite (= mixture) 
Jesste M. Sweet. What is plinthite? Mineralog. Mag., 32, 455-458 (1960). 

Plinthite (Thomson, 1836) Dana’s System, 6th Ed., p. 695) is shown to be a mixture of 

kaolinite and montmorillomite colored by hematite. Other similar red material contains 


various zeolites. 
M. F. 


G. Cocco AND C. GARAVELLI. Alti soc. Toscana sci. nal., Mem., 65, 262-283 (1958) (Pub. 
1959). 


This paper gives the results of re-examination of type specimens of several zeolites 
from San Piero, Elba. 
Pseudonatrolite (= Mordenite) 
Pseudonatrolite (Grattarola, 1879; Dana’s System, 6th Ed., 573) is shown by a-ray 
study to be mordenite. 
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Foresite (=mixture Stilbite + Cookeite) 
Foresite (Rath, 1874; Dana’s System, 6th Ed., p. 585) is shown by x-ray and optical 
study to be a mixture of stilbite and cookeite. 
Hydrocastorite (=mixture) 


Hydrocastorite (Grattarola, 1876; Dana’s System, 6th Ed., p. 312) was re-examined 
optically and by x-ray study. Samples were found to be heterogeneous mixtures of stilbite, _ 
petalite, mica, and quartz; one was montmorillonite. 


NWI We: 


Glottalite (=Chabazite) 
M. H. Hey. Glottalite is chabazite. Mineralog. Mag., 32, 421-422 (1960). 


Glottalite (Thomson, 1836; Dana’s System, 6th )Ed., p. 599) was found by «x-ray study 


to be chabazite. The analysis, except for H2O, is evidently erroneous. 
M. F. 


__- LISTING OF FINE MINERAL SPECIMENS _ 


Te aD ER ae 


£ RUBIES IN CHROME DIOPSIDE MATRIX (Belgian Congo, Africa) Two 1” 
~ flat hexagonal crystals imbedded in matrix. Very showy—$50.00 


x " BARITE CRYSTAL GROUP (Palos Verdes, Calif.) One of the largest ever = 
a 9x16 brown crystal group—$75.00 


_KYANITE GROUP (Minas Geraes, Brazil) 7x12 fine massive crystal group—$17.50 


BERYL var ‘AQUAMARINE CRYSTAL Agee Fine 6x5 expen: blue opaque 
_ trystal—$45 .00 


ZIRCON CRYSTALS IN MATRIX (Ontario, Canada) Two long eryetals in 6x9 
matrix. Very fine specimen—$40.00 


- AQUAMARINE CRYSTAL (Brazil) Green mostly gemmy 114x2% SEY REARS 172 
_ grams—$165.00 


- FIRE OPAL Virgin Valley, Nevada) 114x2% fire opal limb section—$75.00 


-CUPRITE AND SOME COPPER CRYSTALS. (Santa Rita, New Mexico) Bright 
2x4 crystal specimen—$15.00 


MINERALS FOR COLLECTIONS & STUDY 


_ APATITES IN LIMESTONE MATRIX (Iron Mountain, Durango, Mexico) Fine 
| "yellow crystal specimens—$1 .00, $1.50 and $2.00. Single crystals—25¢, 50¢ & 75¢ 


KEYANITE CRYSTALS (Brazil) Blue crystal blades up to 3”—50¢, 75¢, $1.00 ea. 


SAPPHIRE CRYSTALS (Mozambique, Africa) Blue opaque crystals. Up to 2x3” 


_specimens—$1. 50, $2.50 and $3.00 each 


bi Peony CRYSTALS (Ampanihy, Madagascar) Up to 1” flat hexagonal crystals— 


ie $1.00 and $2.00 each 


QUARTZ CRYSTALS WITH INCLUSIONS OF PHANTOMS, ETC. (Brazil) 1” 
to 2% crystals showing 1 or more phantoms and sometimes other inclusions—75¢, 
$1.00 & $2.00 


i “CHINESE JADE” JADEITE (Mogaung Upper Burma) Cores and cuttings from 
» Hong Kong from Jade cutting factories—$5.00 per Ib.; 3 Ibs. $12.00 


“SPODUMENE var TRIPHANE (Brazil) up to 1” crystals partly clear—3 for $1.00 


SEND FOR LISTINGS—WE ARE BUYERS OF COLLECTIONS 


Ls SHALE’S 


: 9226 W. Pico Blvd. Los Angeles 35, Calif. 
Phone CR-5-8222 


Our ee and finest geology catalog offers eS the widest choice of the best: K} 


. Mineral, rock and fossil teaching, study and reference collections. 


= 


. Mineral, rock and soil specimens; individually ands in bulk. 
. Special series of reference clay minerals. _ 

. Individual fossil specimens. re ae 4, 
: Paleontology and animal kingdom charts. 

. Light weight plastic relief maps. 


. Aids for crystallography (models, aia protractors). 


: Geomorphological models. 
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. Color slides for geology, mineralogy, paleontology; black and white trans- iF 


parencies on glaciers, astronomy. 


_ 
So 


} Field and laboratory equipment—the largest listing ever. 


ro" 
—_ 


. Superb selection of the finest storage and display equipment. 


ray 
N 


. Petrographic supplies; refractive index media. 


- 
Q 


. Thin section and lapidary equipment. ) 


. A full line of weather instrument. 


— 
AN Ang 


. Fluorescence and radiation equipment. 
‘ 


Ward's big geology catalog, #603, is the answer to every geologist’ $ needs, We 

are just as anxious to send you this new catalog as we think you will be to r¢ receive iP 
it. If you are affiliated with a teaching, industrial or research institution, your copy | 
is absolutely free. Just write on your school or business letterhead. Ask for Ward's | 
Geology Catalog #603. i 
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